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ABSTRACT

Phienomena involved with the propagation of air-induced stress waves in soil
were investigated in experiments on Edgar Plastic Kaolin (EPK) cley and Cttaws
saud. The principal soil varisbles were moisture content and density in the
case of clay, and density in the case of sand. The soll specimens were loaded
with overpressures in the range of from approximately 50 to 300 psi. Two
overpressure wave shapes were used, one where peak overpressure had a dwell
time of approximately 1 msec and the other having essentialiy a zerc dwell time
of peak pressure, Stress-time and strain-time relationshkips were measured at
various peoints along the length of the gpecimens, Peak stregs attenuation,
gtrain and strain-rate relationships, propagation velocity, changes in wave
shape, and stress~strain relationghips are discugssed in the light of the data
obtained. Experimental data are compared with theoretical predictions of a
linear hysteretic model in the case of OHttawa sand, and a constant tan §
vigcoelastic model, in the case of the EFX clay. It was found that in both
cases the theories could be used to predict the experimental results with
proper evaluation of critical attenuation parametzrs to be input with the
theories,
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Section 1

INTRODUCTION

w1 e g Py e Mt wren on %

Much research effort has been devoied to the development
of a better understanding of the dynamic properxties of soilc.
To date (1966) most of this work has been initiated %o aid in the
design of underground structures capable of resisting nuclear
weapon effects. However, research designed to satisfy the neced
hae provided basic information and stimulated research in related
areas such as earthquake stability of dams, foundation vibrations,
excavation by explosion, etc.
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This report: covers an experimental investigation of the
propagation of air shock-induced stress waves in confined
columns of soil with attention being given to the study of the

R attenuation and change in shape of these waves as thev travel
through soil. The majority of stress wave propagation research
in the past has been theoretical in nature which has led to the
development of a iarge number of theoretical approaches to the !
problem of stress wave propagation in soils, with essentially no :
experimental data to evaluate these theorles, ;. §

t

Within the past few years, there has been published signifi-
cant amounts of experimental data on stress wave propagation in
soil, Examples of the type of research performed are given in
References 1 through 8. The available datz includes tests con-
ducted on both sand and clay with a variety of coanfining con~
ditions ranging from no lateral restraint to one-dimemnsional com-
pression,

Lo

This research study 1s a contribution to the experimental

- data on one-dimensional stress wave propagation in sand and ¢lay.
Data were obtained for improving the basic understanding of the

- phenomena and for evaluating wave propagation thecries. Peak ;

stress attenuation and change in wave shape with distance of
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propagation are among tne parameters investigated. In additionm,
the stress-strain chavacteristics of the solls as a function cof
stress i1evel anu aistance of propagatict ¥
Other parameters consiacred were wave propagation velocity and
peak strain attenuation.

Unfortunately, it was not possible to fully evaluate
the wave propagetion theories considered using the experimental
data obtained in this study because one-dimensional stress-strain
data for the soils utilized was not conclusive. Navertheless,
ugseful infoxmation to aid in evaluation of the feasibility of
theoretical models was cobtained.
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EQUIPMENT AND INSTRUMENTATION

Fquirment used in the wave propag&;icn experinents con~

“sisted basically of 1) a gas deiven shock tube used to losd the

soil specimen, 2) 8 confining chamber to =zestrict the soll speci-
men to one~dimensional movement, and 3) nrecessary trana@u%ers,
ccnditioning and recording instrumsntaticn to measure the -weve
propagation characteristics, A 3chematic diagrew of this equip-
ment is shown in Figure 1. ) -

1. Shock Tube

The shock tube used in the experiments (Figure 1) con-
sisted of a cylindrical tube with an ingide diameter of 2-31/64 in.
and an overall length of 31 ft. The tube was mede up of two
sectiong; an li~ft driver section containing helium and ¢ 20-£t
driven section containing air at atmospheric presocurs. Wood
svlinders with a Jiameter of 2-3/4 in. were provided for imsertion
in the driver section to vary the driver gas volume, The length
of the driven or downstream saction was sufflcient to allow
generation of a clean wave fromt. To minimize friction losseés
the inside surface ¢f the tube was honed over the entire length.

In operaticn,an acetate diaphragm was clamped between
the driver and the driven secticn, then the driver was filled with
helium to the desired pressure. & plusnger with a sharp-peinted
tip was actuated to punciure the acetate diesphragm, aliowing the
shock wave to develop and travel dowm the tube,

A schematic disgram of the downstream end of the shock
tube and the mounting system to rgceilve the soil specimen is
shown in Figure 2. A pressure transducer was leocated 3 £t from
the downstream end for triggering the instrumentation as the
wave passed that position. Ancther pressure transducer was
positioned 11/64 in, from the end of the soil specimen to
meacure the shock wave impinging on the soil. Both of these
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transducess were mounted perpendicular to the direction of fiow
{side~cn) =znd flush with the inside curface., A recess 1/4 in.

deep and with a 3-1/4 in. diameter was machined in the end of
the shock tube to receive the soil specimen. As the inside dia-
meter of the tube was identical to the inside diameter of the
chamber confining the soil, the shock wave loading was applied
(at least initially) over the soil area only.

It should be noted that as the specimen and confining
chamber compressed under the applied load a gap was created be-
tween il specimen and the shock tube which permitted alr to escape.
This escape of ailr produced a load on the walls of the confining
chamber which could possibly have an effect on stress wave propa-
gation through the soil since any load appfied to the end of the
confining chamber would b2 transmitted to the soil at the location
of the first compressible spacer. The area of the confining cham-
beyv was approximately 36 percent of the soil specimen.

It is difficult to assess the significance of this type
of loading; however, it is intuitively felt that, for the condi-
tions of test considered herein,; it is not sigrificant. The up-
stream end of the confining chamber is inserted in a groove in
the dowrstream end of the shock tube and wedged tightly against
it (see Figure 2). Initielly, only the soil is loaded and as it
comprecses it produces a shortening of the confining chamber which
creates a gap between its upstream end and the walls of the shock
tube into which air from the shock wave flows.

It is felt that the time necessary for the creation of
this gap after the onset of the shock wave onto the soil is signi-
ficant in terms of 1) the rate at which the stress wave is propa-
gating through the soil, and 2) the length of the rigid segments
of the confining chamber (2-1/8 in.). Consequently, the lcad which
may travel through the walls of the confining chamber would produce
a stress in the soil which would lag, by a significant amount, the
gtress prcducéd by the initlal loading of the soil specimen. It
is therefore reasoned that measured values of peak stress are in-
dependent of the wotion uf the upstream end of the confining chamber.
This motion mgy have an effect on stresses measured after the peak.

6

)

SR B NS o BARRTIIRN S 2 W




W

AFWL-TR-66-56

No evidence of the presence of & confining chamber induced
soll strese could be pimpuinted. One reason may be that the voluue
Increase resulting from the creation of the gap would cause a large
drop in pressure resulting in a much smaller loed on the end of the
cc..fining chamber than on the soil specimen. Anather reason may

be that by the time the gap is created the peax pressure in the
shock wave has reflected and traveled a significart distance away
from the soil surface leavirg a much smaller pressure in this area.
Since no evidence of a significant e. <t of the production of thé
air gap on the stress in the soil was discerned, it will be zssumed

that none exists, Concise clarification of this question requires
additional research.

2. Confining Chamber

A requirement of the wave propagation experiments was
that the soll be constrained to one-dimensional motica. To
accomplish this, the chamber confining the soil must be rigid in
the radial direction {perpendicular to ths direction o: wave
propagation) and yet not impede axial soil wotion (pazallel to
the direction of wave propagation), A composite ring-type of
confining system was used to meet these requirements. The
development of thils system &nd an evaluation of its efficiency
are presented in Appendix I.

A diagram of the confining chamber used in the esperi-
ments is shown In Figure 3. The chamber was composed of 23
individual compc Lte sections positioned in series plus a special
section placed at the reaction end. Each individual section con-
sisted of a hollow aluminum cylinder 2~1/8 in. iong with a
compressible foam rubber ring 1/4 in. in length on both ends.
The composite section had an outside diameter of 3-1/4 in., an
inside diameter of 2-51/64 in. und an overall lergth cf 2-5/8 in.
Each section was lined with a lubriecated rubber membrune to
reduce the wall friction. The compresaible rings alco served as
a convenient location to bring gage leads out ¢f the scil.
Strain geges were mounted on four of these sections o measure
the circumferential strain in the section,

e, 9 2092
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ber sectionm wsed for the reacvicn end ot
the specimen consisted of a regular section such as describes
with one end modified as shown in Figure 4. The chamber section
was rigidly attached to an end block through two load cells such
that the load in the chamber walls could be measured. The soil
was supported by a circular plate attached to the same end block

through a load cell in such a way that the load in the soil
could be measured.

ey

For the conduct of the experiments,the chamber was
positioned horizontally and rested on steel ball bearings as
shown in Figures 5 and 6. The ball bearings were 1/4 in. in diam-
eter and ran in V-grooves machined in an aluminum bar. Supports
for the top of the chamber were provided approximately every
10 in. along the length to prevent buckling of the specimen.

The contact of these buckling supports with the chamber was also

through ball bearings,which provided relatively free axial motion
of the chamber in the support system,

5. Instrumentation

Measuremente taken during the wave- propagation experi-
ments included: 1) stress~time history in the soil at geveral
locations, 2) soil strain-time history at several locations,

3) the pressure-time history of the shock wave impinging on the -
soil specimen, 4) the circumferential strain in the confining
chamber, and 5) the arrival time of the wave at the different
gage positions., This section describes the instrumentation

used in making these measurements.

a. Soil Stress Gage

The embedded gages emploved for svil stress measurement
were developed at IITRI especially for laboratory measurements
(Reference 9 ). The gage consists basically of a piezoelectric
ceramic disk (lead titanate zirconate); positioned inside an
aluminum case, It is disk«shaped with coverall dimensions of
1 in, diameter by 1/10 in. thick. An exploded view showing

details of the gage components and the ceramic is shown in
Figure 7.
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The gage was deaigned to respond primariiy to the component of soil
ge which Is noTmal fo the Zace of the gage with the effect of
the other stress components, e.g., shesy stresses on the fsce of
the gage and normal gtresses on Che edge of ths gage, being mini-
mized. The gage is capable of both static and dymamic response (in

the range of from microseconds to minutes).

; /1&,}2;’&,&%& A

The gage circuit is shown schematically in Figure 8.
For the ¢ircuit used, the equivalent circuit resistance was
1x 107 ohms and the equivalent circuit capacitance wes
1=z 19"7 farads. This glves a circult time constant (resistance
x® capacitance) of 1 second,vhich was adequate for the experi-
menta., The output voltage of the clrcuit was converted to
charge input {i.e., charge generated by the plescelectric gage)
by using & standard charge generator to determine the transfer
function of the circuit.

Static embedded calibrations were obtsined for each gage i
in both sand and clay underx test boundary conditions similar to S
those of the wave propagation experiments. A typical c¢alibration 3
curve for a gage embedded in sand iz presented in Figure 9. The
curve i3 approximately linear on leading with a nominal sen-
sitivity of 425 picozoulunbs/psi and exhibits some hysteresie om
unloading. The list on the following page summsrizes the calibra~
tion results aud provides informstion on the effect of the scils
on the gage responce. These embedded calibrations were employed
in data reduction for the wave propagation experiments. Based on
previous experlence (Reference 9) the expected variation in sensi-
tivity of the gage is approximately + 20 percent of the nominal value.

b, S7il Strain Gcoge

et i B 2t 1

a d by gedbid ]

JY P

The scll strain gages used in the experimental program :
were those developed under contract with AFWL (Reference 10, 11,
12). The gage, shown ln Figure 19, consists of two adets of two
mechanically wmecoupled 1/16 in. thick by 3/4 ix. diaweter coil
disks and associated electronic driving, szmplifying, and
recording circuitry,
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D 2 g that of 2 nu a
. transformer, i.e., each set of colls represents transformer primary
and gecondary windinge and are sc erranged in the circuitry that
the resulting signal is the difference of the individual coil out-
puts., When the colls in each set are equally spaced, the resulting

differential output is zerc or nulled.

[ b
RIAEN bl Bilals it an bosiermatuiind

In operation, one set of coils is embedded in the soil
in near parallel and concentric orientation as the strain sens-
ing element, the other set 1s positioned on an adjustable micro-
meter mount to serve as a reference. Initial spacing of the
embedded coils is determined by adiusting the reference coils,
until a null is obtained. Soil deformations are measured by
the resulting changes in the spacing of the embedded coils
which are sensed as changes in the mutual inductance of the soils,

e 6 s
B r———— Al Lt
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A ——————

e Sl W b b
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Four gages were used in the experimental studies. Three
gages were used with electronics developed for lsboratory ]
investigation as described in Reference 10 while the fourth was '3
with a field gage instrument of the type described in j
Reference 12. The laboratory gage instruments were modified -
slightly in that the 10-kc output filter was replaced with a :
2-ke filter to improve the S/N (signal tu noise) ratio. This
modification resulted in a gage rise time, defined as time from
10 percent to 90 percent full scale output, of 0.30 msec. This
was about the same as the rise time of the field gage instrument
an:d was considered as satisfactory for the purposes of the
program,

s o tp—- 1
N} e

TP

¢. Other Transducers

A quartz pressure transducer¥* was used to measure the shock
wave impinging on the end of the soil specimen. The transducer was
mounted side-on and located 11/64 in. from the end of the specimen
(Figure 2). Another pressure transducer of the same type, located
3 ft from the specimen end, was used to trigger the recording

* Quartz Pressure Transducer, Model 601A, Kistler Instrument Corp.
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The
of the transducer was converted to & voltsge signal by a charge
amplifier*,

instrumentation as the wave passed that locationm. output charge

Three quartz load cells** were located at the reaction
end of the soil specimen as shown in Figure 4, to measure indepeni-
ently the soil load and the chamber load at that position. A chavge
amplifier azuch as previously mentioned was used to convert the charge

output tc voltage.

Circumferential strain in the confining chamber was meas-
ured by a metalfilm strain gage*** which was bonded to the aluminum
chamber.
resistance bridge.

The gage was connected as the active arm in a two-arm
A strain gage plug~in unit®**%" was used to pro-
vide the excitation voltage and amplify the signal.

d. Recording Instrumentation

A bank of six oscilloscopes¥¥*¥%% was used to measure the
response of the gages with the traces being recorded on polaroid
film,

test,

Normally, 11 instrumentation channels were reccrded for each
The first oscilloscope in the bank was trigge:red by the sig-
nal from a pressure transducer located 3 ft from the end of the
soil specimen. The remaining oscilloscopes were triggered simul-
‘taneously by the gate out signal from the first oscillocscope,

A time reference sigral was recorded on each scope by ap-
plying a square wave signal to the Z axis of the oscilloscopes.
The square wave blanked the beam initially and at some predeter-
mined later time caused a momentary increase in the trace intensity.
This technique produced two time reference markers at selectable
intervals accurate to within 3 percent of the total sweep time.

The time reference signals were generated by using a pulse
generator¥*¥*%%% and a wave form generator¥¥¥¥*¥%*, The wave form

-

% Charge Amplirier, Model 566, Kistler Instrument Corp.
%% Load Cell, Model No. 912, Kistler Instrument Corp.
*%% Strain Gage, Model No. C12-121, Budd Co.

*%%*%Strain Gage Plug-In Unit, Type Q, Textronix, Inc.
*%%¥* Oscilloscopes, Type 502, Textronix, Inc.

*%¥%k%% Pulse Generator, Type 161, Textronix, Inc.
*%kxk%% Wave Form Generator, Type 162, Textronix, Inc.
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generator produced a negative sawtooth wave form, which in turn

| was used to trigger the pulse generator. The pulse generator pro-
duced a aquare wave with a predetermined duty cycle. This square
wave was fed to the Z axis input to each cscllloscope. The Z axis
input 13 capacitive coupled to the .athode of the CRT such that

the squere wave is differentiated, producing a positive pulse at

the leading sdge of the square wave and a negative pulse at the
trailing edge. The pulse produced by the leading edge of the square
wave blanked the buoam and the pulse at the trailing edge increased
the beam intensity.
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Section il

EXPERIMENTAL PROCEDURES

1. Specimen Preparation

‘ The soil specimens were prepared in the following manner.
A 6-ft channel section with a bages plate attached at one end was
placed in an upright position. The special confining chamber sec-
tion for the reaction end (Figure 4) was then attached to the chan-
nel directly on top of the base plate as shown in Figure 11. A
portion of the specimen was then prepared by placing soil in the
chamber section until it was full. A regular section of the con-
fining chamber (Figure 3) was then clamped to the channel directly
on top of the first section and filled with soil. This procedure
was repeated until the ent.ire specimen was prepared. During the
soil placement a vacuum was drawn on the voiu between the chamber
walls and the rubber membrane liner to hold the rubber tight a-
gainst the chamber wall.

Sand specimens were prepared at three different densities.
The low density specimen was piepared by pouring the <and through
a funnel and tube arrangement with a thin slut at the lower end,
The bettom of the tube was held 1/4 in. above the sand surface,
The resulting average sand density was 96.6 pcf.

Four medium density specimens were prepered by pouring
the sand through the same funnel arrangement with the bottom of
the tube held 6 in, above the sand surface. The resulting
average densities of these specimens were 101.9, 101.9, 102.4
and 103.8 pcf.

One high density sand specimen was prepared. For this
test the funnel and pouring tube wer: taped to a vibro-tool with
the plate of the vibro-tool extending about 1-1/4 in. below the
end of the pouring tube (Figure 12). During operation the pour-
ing device was slowly rotated and raised as the sand filled the
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Sand Supply !
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gectiona auch thar the vihraring plare waz slways sbout 1/

below the sand surface, The dengity of this specimen was
108.0 pef. '

The clay specimens were prepaved by kneading compaction
with the Harvard miniature temper, in 1/2 in. layers using 20 blows
per leyer and a 20-1b spring. At the joint between the confining
chamber sections, the clay had a teadency to push out the soft foam
rubbor spacers. To resist this bulging, masking tape was placed
across the compressible rings. Six clay specimens were prepared
at moisture contents ranging from 27.0 te 33.2 percent and wet den-
sities ranging froam 101.9 to 113.9 pecf.

Stress gages were positioned a% the section joints aleng
the zpecimens and were placed in the following mainer. Soil was
placed in the chi uber sectlon tc the tup of the seation and then
leveled, The stress gage wss then positioned 1a the center of
the specimen cross section and pushed gently to seat it. Another
section of confining chamber was put in position with the gage
leads being brought out between the compressible rings. Soil was
then placed in the new chamber section being careful not to
disturb the gage placement,

The soll strain gages were positioned 1 in. down from the
section joint so that the soil strain would be measured at a point
where the soil was rigidly constrained. Tle gages were placed in
the following manner, The chamber sention was filled with soil
tc a peint 1 in. below the top of the section. An alignment rod
was placed through the center of the coil to keep the coil iu
position while soil was being placed above 1t. A layer of socil
approximately 4/10 in. thick was then placed on top of the first
coil and the second coil in the set was placed on top of this
soil layer, The alignment rod aided in aligning the first and
second coils. Soil was then added to f£ill the chamber section
and the sligmment rod was removed. The spacing of the two coils
was measurad by adjusting the reference coils te null the meter.
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After preparation was completed, the specimen waz
pozitioned horizontally on rhe ball-bearing support systsm

{74 praress §Y mmd tha channel sentinn znd olamos were remowed, A

Lo A AT o ULEAW Wb whdlalasinc s - e e

’

vacuum wes gpplied to the pores of the ssnd specimens Lo wini-
mize any disturbance to the specimen during hendling.

e SO e weie by St v

PR

A A e

Z. Test Procedures

Twelve serles of wave propagation tests were conaucted
with four tests being rum in each series. The test sequence in
each series consisted of 50, 100, 200,and 300 psi peak pressure
shock loadings applisd to the soil specimen in that order.

s ki RN R e 4

RIYORT]

For the conduct of a test,the shock tube was assembled
with the acetate diaphragm in position and the driver section
filled with heiium. The length of the specimen and the gpacing ;
of the soil strain gages were then recorded, After the tzigger P ‘
for the instrumentation was set the plunger was actuated snd
the shock wave traveled down the tube triggering the instyumenta~
tion and loading the end of the soil specimen. After compietion
of the test,the specimen was removed from the end of the shock
tube and the tube cleaned out. The specimen was then repositionad
for the next test. One difficulty encountered during the tests
at the higher pressures (2090 and 300 psi) was that,as the speci-
men wae loaded,it compressed,which allowed the gas to escape
around the end of the confining chamber. At the completion of a
test series,the specimen was dismantlad and the weight of the f
soill determined. For the tests o7 clay,three moisture content
samples were taken.
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3 ’§

= Section IV iﬁ

= =

% ESPERIMENTAL STUDY
Twelve ssries of tests were conducted in this study with

each serliez consisting of tests on a glven specimen at nominal

e

%%3 overpressuras of 50, 100, 200, and 300 psi. Six of the test series
§§? were conducted on Oftaws sand and the other six on the Edgar Plas-
%% tic Kasiin {EPK) clay.

§§ Of the six test scries, for a given goil twvpe, five were

bi with an overpressure-time curve that had approximately a 1 mszc

{% dwell time of peak pressure and one with an essentialily zero dwell
¥ time of pesk pressure (3ea Plgure 13 fer typical iuput load func-
3 tions). It should be noted that oue of the teste at a dwell time
:§ of pesk pressurs of 1 msec was for the prineipsl purpose of study-
§§ ing wave front development and propagation velocity. Detailed in- ) )
e formation on the soil properties for sach series can be found in

Appendix II and the procedure fur cenduct of the tests 1z contained
in Section III.

The experimental results will be presented in six parts:
peak stress attenuation, wave front development, wave shape
changes, soil strain, propagstion velocity.and siress~strain
relationghips. This section will be principsllv deveted to pre-
sentation of experimemtsl data, The experimental resulits will be
compared with thecretical predictions in Section V.

S R T

WM ke b by

: The soll sitress gages wers ¢slibrated in both sand and
: clay under imposed boundary conditions similar to those in the E
wave propagation experiments. However, as presented in Section IT,
a variaticn in the gage semsitivity of + 20 percent couid be
expectad due to different gage placements. Most of the seatter
in the data presented ig most probably a result of the gage place-
ment problem. A technigue based on coanservation of mrmentum
could be wused tov give an iIn-place calibration, e.g., the gags
racement effect would be included in the gage calibra- ;

s

tion. This technique essentially consists ¢f determxning tne 3
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tetol twnules of the appiied shock loading and then adjusting

the sensitivity of sash soll stress gage such that the total
imsulae of the gage response equols the impulse of the applied

loading. Thisz techaique would veduce the scatter of the data,

howaver, lack of time prevented its use in this program.
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1. Peak Stress Attenuvation

.
s
%

i% a, Ottawa Sand

%

;% Figures 14, 15,and 16 are plots of data from three of
§§ the tests on Ottaws saud., The date show the results cbtained
¢ from specimens with initial dry densities of 96.6, 103,8,and

%
g
H
I}
H

108.0 pef as plots of nondimensional peak stress versus dista «ce
of propagetion, Pszak stress was nondimensionalized by dividing
the measured pesk stress by the peak overpressure. In addition,
it should be noted that the overpreasure-time curve used in
obtaining these deta had a peak stress duratileon of approximately
1 msee for an overpressure of approximately 50 psi but this .
duration decreased siightly with an increase in overpressure. The
curves shown In the afeorementioned figures repvresent aporoximate
upper and lower bounds to the experimental data.

e A

arne -

P

- -

The datas Indicate & general trend toward 2 decrease in
nondimensional stress with distance of propagation., Conesidering
the plots of cmfpg versus digtance of propagation,it 1ls apparent
. thet stress level le a2 significant factor in determining the
~ rate of attenuation. Although there is some scatter in the test
data at the high and low densities, (Figures 14 and 16), i
attenuvation appears to be greater the smaller the peak stress.
This relaticnship between stress level and rate of attenuation
doss not appear a8 valid for the tests at intermediate values of
dry density, 2.g., approximately 104 pcf (Figure 15).

. b

Figurss 14, 15, and 16 tend to show essentially no peak - -
stress sttenuation to a penetration of spproximately 5 to 10 in. :
or more. This is due to the fact that the overpressuce-time curve - -
had a dwell time of peak pressure of approximately 1 msec.
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Therefore, it is to be expected that essentially no attenuation
would occur over the distance the stress wave would travel during

alad a 2 PPy —

this imterval. 1Inm this respect, the dissipative nature of the soii

is an importent factor that must be considered.

i1t is apparent from the figures previously discussed that
measured stresses greater than the peak overpressures were
recorded., This overregistration is considered to be principalty
the result of soil-gage interaction., Soil-gage Intexaction can
take the form of active or passive arching,which may decreaze or
increase, respectively, the load coming onto the gage. The
rzsponse of the gage 1s slso affected by gage placement techniques.
The difference between the measured and true free-field stress
becomes more critical with greater differences between the stiff-
ness of the soil and the gage. Therefore, it is to be expected
that the lower the density of the soil the greater the signifi-
cance of soll gage interaction phenomena on the measured stresses.
The data collected, in general, support this conclusion.

e

It is also possible that the method of load application
to the soil specimen accounts for a portion of the over-registra-
tion. As the shock wave impinges on the gpecimen it is applied
initially only across the soill area; however, as the column is
compressed, gas escapes arcund the end ui the specimen and pres-
sure is applied to the confining chamber as well as the soil area.
This situation is fully discussed in Section II.1l and it is con-
cluded that its effect on measured peak stress is probably negli-
gible. The magnitude of over-registration due to soil-gage inter-
sccion is known to be a maximum of 20 percent based on past experience
(References 1, 2 and 9).

Figure 17 shows data obtained by testing a spscimen of :
Ottawa sand by subjecting it to a shock wave with a zero dwell time ? ; .
of peak pressure. The curves shown represent gpproximate upper and 3
lower bounds for the data. 1In comparing the data for this series
with those for the test series presented in Figure 15, their densi-
ties are comparable. It is apparent that the rate of attenuation
for the zerc dwell time overpressure tended t be greater.

32
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peak overpresasure in that case. Nots that the gage at 10 in. read

consistently low with respect to the other gages, which indicates
a malfunction.

ARt i ad W A% aind)

Baged on the previous diacussion, it can be said that at-
tenuation increased with Jistance of propagation of the stress
wave and, for a given overpressure level, the -ate of attenuation
increased with a decrease in dwell time of pesk pressure. Also,
rate of attenuation appeared to be dependent on stress level. In
general, as stress level increased rate of attenuation tended to
decreage; however, this is most probably the result of densifica-
tion of the gpecimens under repeated loading.

It iy evident that the shape of the loading pulse has a
significant effsct on stress attenuation with distance of propa-
gation. Data tends to support the conclusion that the longer the
dwell time of pesak pressure the slower the rate of attenuation of
peak stress, Correspondingly, for a given overpressure and dura-
tion, the more uniformly tne iwpulse of the loading pulse is dis-
tributed over the time of loading the less the rate of attenuation
with distance of propagation.

Maximum peak stress attenuation at a penetration cf 25 in,
was approximately 40 percent. The scatter in the data is such
that it 1s not feasible to attempt to estimate the minimum
attenuation,

b. EPK Clay

Figures 18, 19, 20,and 21 respresent plots of nondimen-
sional peak stress versus distance of propagatvion for wave propaga-
tion tests on the EPK clay. These plots show the results of tests
at esgentially three different moisture contents and densities.

The data in Figureg 20 and 21 were obtained from tests on speci-

mens whose moisture contents and densities were approximately the
sare, The principal difference was that the membrane which nor-
mally surrounded the specimens was omitted for the test data shown

in Figure 20. However, in both cases a thin £ilm of silicon grease
was placed on the wall of the confining chamber to act as a lubricant.
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The data indicate that a relatively larcge amount of
attenuation occurs in the first 5 In., of penetration, By the
time the stress wave reaches the first gage (5 in. from the
loaded surface) the peak stress has attenuated a minimum of
approximately 25 percent. By the time the stress has propagsted
a distance of %5 in. a minimum of approximately €0 percent
attenuation has occurred., Thus, the attenuation occurring in
the first 5 in, is a large portiom of that occurring in the :ext
20 in,

Included in Tigures 18, 13, 20,and 21 are curves
representing average trends in the date., Due to the scatter in
the data a high degree of confidence cannot be placed in these
curves, Nevertheless, the trend in the data is well documented
with respect to an initial rapid rate of attenuation followed by
a slower rate of attenuation with distance of propagation.

The two principal soil veriables for the clay specimens
were moisture content and density. The interrelationship between
these two parameters in regard to thelr effect on etress wave
propagation phenomena is complex anc not readily discernahle in
the data ccllected. Based on data in Figures 18, 19,and 2j, it
appears that as xolsture content and density increase attenuation
also increases., However, when one considers the data in Figuxre 20
the trend is not a3 clear.

A direct comparison of the data of Figure 20 with that of
the other tests mav not be proper, recalling that in rhis case
tne membrane was omitted, and that only & thin layer of silicon
grease separated the specimen from the wail of the confining
chamber, Thie change im boundary condition may have increasged
the stiffness of the soil and thereby decreased the rate of
attenuation cf peak stress a2s it propagated through the soil.

I gcneral, the scatter in the data appears to be
reasonsat Outside of 8 few bad points, the data show a decresse
in peak stresc with distance of propagation. Ia addition, the
effect of overpressure g¢ress level does not manlfest itself
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strengly or consistently throughcut all four test seriea. This
mzy imply that rate of attenustion is independent of stress
level, but at present, data ave inadequate to arrive at this con-
clusion,

It shouid be noted that the rate of attenuation for the
EPK elsy is higher that for the Ottawa sand. This results from
the more viscous nature of the cluy and that the clay is sefter
with & greater hysteretic energy lcss. Another reason for a higher
attenuation in clay than sand is the lower wave velocity in clay.
Attenuation occurs as more a function of travel time than distance.’
Hence, 1f the wave takes longer to travel thrcugh the clay column,
more attenuation will probably occur.

Figure 22 represents data from o specimen of EPK clay
subjected to an overpressure time curve having esgentially a zero
dwell time of peak pressure, The data appear toc be no’ con-
aistent 28 thogse obtained in the previously mentioned = .8 on
2iay, e.g.., the dats obtained at depths of 10.1 and 23 in. appear
to be mech tos high. Evidently, some form of soll gage inter-
action phenowmena cauvsed these gages to overregister.

The general trend is for an increase in attenuation with
en increate in diatance of propagation., In comparing the data of
Figure 22 with those of Figure 19, their densities and mecisture
contents are approximately the same, one £inds that a signifi-
cant difference between the data is not readily appuvent. This
1s priocipally due to the large scatter in the dara of Figure 22,
However, data of Figure 22 suggest that if more data were
availeble,it would show a greater attenuation for the sample ¢~
clsy subjected to an overpressure-time curve having z zero dwell
time of peak nressure rather than one with a 1 msec dwell time.

The curves shown in Figures 18 through 22 vepresent the
trends in the dnta., However, the quantitative validity of
thege curves is open to question due to the scatter in the data.
A portion ¢f Section V will be devoted ¢o the establishment of
attenuation curves of greater significance,
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2. Strain and Strxain Rate

Messurenments of strain as a function of time were made at
various points along the length of the sample. The ocutput from
these geges wag principally used 1) in conjunction with the data
from the stress gages to establish stress-strain curves at various
crosg secticns along the length of the spacimen, 2) to determine
peak strain and the change in peak strain with distance of
propagation, and 3) to determine rate of strain and changes in
rate of strain with distance of propagation, Items 2 and 3 will

be considersd in this subsection while item 1 will be discussed
in a latter pnrtion of Section IV.

¥
1

e ek
2 AR O P P TSI O IR vk

Figuvres 23 and 24 show typical records of strain versus time
obtained from the strain gages for both QOttewa sand and EPK clay,
For both solls, the principal changes in the strain versus time
relationship due tu & chenge in theprincipal soil parameters, )
e.g., moigture content, density, or both were in rise time to peak
strain and siope of the curve after reaching peak strain, The
general trend wasz an increass in rise time to pesk strain and a
decrease in megnitude of rebound with distance of propagation.

The aame sampie was subiected to increasing nominal over-
pressures of 50, 100, 200,and 300 pai. As a result, the

maguitude of the stralans that occcurred afier the first loading

were less than would have cocurred if 3 new specimen had been

uged for each load application, The effect of prior loadings on

the mesesured strein is a function of initial density in the case

cf Cttawe sand, and initisl density and moisture content in the

case of BPK clay. Peak strsin and straio rate data, for both

the Ottaws szand and EPK clay avre sumarizaed in Appendix III,
&. Ottawa Sand

Dats show that as densliy increases the magnitude of
peuk strain decresses for 8 given overpressure level. The data
z2lsc indicate a8 genergl trxemd toward an increase in the magnitude '
of peak strain with an incresse in overrressure., Variations in
the trends nofed sre due to goll gage interaction chanomens

42
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Distance: 8.5 in,
Peak Strain: 2,15 percent
Sweer Speed: 2 pmec/cm

Lover

Digtence: 13.5 in,
Peak Strain: 1.07 percent
Sweep Speed: 2 meec/em

Upper
Distzance: 21.0 in,
Peak Strain: 1.12 percent
Sweep Speed: 2 msec/cm
Lower
Distance: 28.5 in.
Peak Strain: 1.36 percent
Sweep Speed: 2 msec/cm
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related to the multiple loading of the specimens. For example,
the sample of relatively dense scil, density 108,0 pcf, cculd
upon repeated loading undergo a decrease in density which would
cause a much greater strain than anticipated. The converse could
also occur in loose or medium dense granular soils, It ghould be
noted that the changes mentioned previously need not occcur to the
same extent at each strain gage location.

The strains in the loose sample, dnsity of 26.6 pcf, and
the strains in the medium dense specimen, 101,9 pcf, were generally
less than two percent and the strain in the dense specimen, density
of 108.0 pcf. was less than one percent. The values cited indicate
the effect of density on ine measured strain.

Rise time to peak straln tended to decrease with an
increase in peak overpressure., This trend was evident in tests
at all density levels tested. For a given overpressure, rise
time to peak strain temded to inc.cease the greater the distance
of propagation., In addition, the rise time to peak strain
decreased signiricantly with an increase in density.

Stra’n rate was determined by dividing peak strain by
the time to peak strain, thus the calculated strain rates are
averaze values. In general, the majority of the strain occurred
at a faster rate; exactly how much depends upon the shupe of the
strain-time curve., This method cf defining strain rate provides
a uniform method of comparing the results from various tests.

The data show an increase in strain rate with an iIncrease
in overpressure. The magnitude cf the increase appears to be a
functicn of the magnitude of the overpressure and the distance of
propagation., In this connection note that the magnitude of
strair rate (parcent per secund) decreases with distance of
proprgatioa, for & glven overpressure level,

Available data also tend to zhow that for a given over-
pressure and distance of propagation, strain rate decreases with
an increase in density. The peak strains are smaller, the denser
the specimen; therefore, for a given overpressure level one would
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think that strain rate would increase with density. The fact
that 1t does not is most probably related to inertia effects

or the differences in mobility of the sand particles as a
function of scil density, i.e., the greater the density the
slower the particle veloeity. It may also be due to the effect
of teking an average strain rate, For larger strains, the rapid
rise occurs during & greater percentage of the rise time,

Data werxe obtained from tests on specimens having approxi-
mately the same unit weight, 101.9 versus 102.4 pcf. The data
from the former (101.9) were obtained by loading the specimen with
aan overpressure that had approximately 4 1 msec dwell time of
peak preasure. The data from the latter (102.4 pcf) were obtained
by loading the specimen with an overpressure that had a zero dwell
time of peak pressure.

The date on strain rate are not as consistent as axe the
peak strain and time to peak strain data. The datea at & nominal
overpressure of 530 psi show the strain rate for the dwell time
of peak pressure of 1 msec, to be greater than that for a zero
dwell time of peak pressure loading. However, the converse is
generaily true for all other rominal overpressure stress levels.
The reagen for this difference 1is not known.

b. EPK Clay

In additioa to soll density,one also has to consider the
effect of a change in molsture content on the parameters of
interest for EPK clay. Since changes in moisture content and
density occurred simultaneously, it was not possible to distin-
guish their effects.

Most of the date was obtained from samples subjected o
an overpressure having approximately & 1 msec dwell time of peak
pressure. These data show that as moisture content and wet
density increases, the magnitude of peak strain at first tended
to increase, for a given overpressure level, and then to decrease,
The reascn for this trend is related to the dregree of saturation
at the higher moisture content and density. - At relatively low
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degrees of saturation of the specime:, e.g., when water-filled
voids are not intexrconnected, the quantity of air voids was
relatively large and the sample could undergo comparatively

large amounts of volume change before the stiffness of the con-
fined water would have a measurable effect on the measured strain.
Therefore, small increases in moisture content principally pro-
duce a decrezse in stiffness of the s0il and consequently an
increase in strain, for a given overpressure,

At relatively high degrees of saturation when the water
voids are interconnected and the quantity of ailr voids are smail,
the stiffness of the coufined water has a signuificant effect on
the stiffness of the soll-water system. The net result is «
substantial decrease in the magnitude of the peak strain in relation
to tests on specimens having lesser initial degrees of saturation.
The degree of saturation {67.6 tc 95.0 .F the specimens span the
range where the previously described effects occur. The effect
of degree of saturation on the stiffness of confined solls was
discussed by Wileson and Sibley (Reference 13).

For a given set of soil conditions the data indicate an
increase in peak strain with an increase in overpressure. For a
given overpressure level the data show a decrease in peak strain
with distance of propagation. The data from specimens having
densities o< 101.9 and 103.8 pcf and moisture contents of 27.9
and 29,7 percent -espectively, show peak strains generally less
than six percent. The data for the specimen having a density of

ISR e o T

113.2 pef and moisture content or 55.2 percent, show peak strains
less than three percent. Again, the effect of degree of saturation
is illustrated,.

For given soil parameters anu distance of propagation,
no definite trend could be di-cerned with respect vo an increase
in rise-time to peak strain with an increase or decrease in over-
pressure. However, for a given overpressure rise-t.ae to peak
strain increased with distance of propagation. The general trend

s b xR £y
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wasg toward a decrease in time to peak straln with an increase in
moisture content and density, This trend was nct consistent for
all three specimens at a nominal overpressure of 50 psi.

The data show an increase in rate of strain, for a given
distance of propagation, with an increase in overpressure. The
magnitude of the increase, as in the tests on gand, depends on
the magnitude of the overpressure and the distance of propagation.
For & given overpressure the magnitude of the strain rate
decreases with distance of propagation.

The data alsoc show that strain rate initially increases
with an increase in wet density and molature content for a given
overpressure level, and then decreases. This factor most
prcbably reflects the effect of the large increase in degree of
saturation,

A comparison was made cof data cbtained by subjecting a
specimen to an overpressure that had a 1 msec dwell time of peak
pressure to that obtained from a similar gpecimen subjected to an
overpressure having a zero dwell time, It is apparent that for a
given overpressure, peak strain, time to peak strain, and strain
rate were greater the longer the dwell time of pesk pressure.

3. Wave Velocity

In an effort to gein more accuracy in the determination of
wave propagation and peak stress velocities, the oscilloscope traces
were enlarged by use of a digital reader* and initial time of ar-
rival and time of arrival of peak stress data picked off. These
data, at a particular gage station, were then plotted against dis-
tance of propagation and the slope of the resu:iting plot was taken
as the propagation velocity and the wvelocity of peak stress, res-
pectively. The output from 2ach gage was synchronized with the
response of the other gages by e blanking pulse that appeared simul-
taneously on the polaroid pictures representing the output from each
gage. is timing mark was used as the reference for determination
of times of arrival,

* Gerber Digital X-Y Reader, Model GPDRS-3, The Gerber Scientific
Instrument Co.
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1. certa . cases, il was 1ot pocsible to determine wave
p: opagation velocity or peak stress velocity because elther the
timing marks were rot sufficiently distinct, or the confining pres-
sure on the samplc (considering ceste on sand) was temporarily lost.
The latter sometimes occurred during tests at an overpressure of
200 psi, which rendered any subsequent test meaningless.

It sheould be noted that the weight of the confining chamber
was approximately equal to the weight of the contained soil. The
confining chamber moved with the soil and therefore its mass had
an effect on wave propagation velocity and, correspondingly, veloc-
ity of pesk stress. This effect of increased mass can be under-
stood by considering the equation for wave propagation velocity
during one~dimensional compression,

e = Ju/p

where

0

is the propagaticn velocity,

is the modulus of the soil for the stress
increment of interest, and

p 1s the density of the soil.

i

It is apparent that as density is incrzased wave velocity
decreases, Since the confining chamber moves with the soil,its
mass effectively increases the mass of the soil and a decrease
in propagation velocity should result. Thus, the wave velocities
measured in these experiments should represent a lower bound.

The scatter in the data for the arrival time versus
distance of propagation piots was found to be relatively small,
However, in many cases the straight line representing the ''best
fit" to the data did not pass through the origin; there was a
positive intercept on the distance axis. 1In such cases, no
attempt was made to force the line to pass through the origin,
the slope of the line was simply accepted as the velocity of
propagation, The reason some of the arrival time versus
distance plots did not go through the origin most probably
resulted from a systematic error in teking the data from the :
polaroid pictures. !
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s S One of the malor cobiectives in conducting test series

= B

9 and 10 was to help determine if wave propagation velocity was

a funclion of dist:ance »f propagation. Data from test series

1 and 2 suggest that this might be the relationship. The data
from test series 9 were not adequate to aid in the resolution of
this problem, Test series 10 provided some valuable information
as did othev twest series. The net result of the information
provided was that wave velocity proved independent of distance of
propagation in these tests,

a, Ottawa Sand

Figure 25 is a plot of the data from five test sariesz and
shows tne relationship between propaguc’on velocity and peak over-
pressure, The general trend is for an increase in wave propaga-
tion velocity with an increase in peak ovevrprescure. This may be
due to the fact that for a given soll denrity, propagation
velocity increases directly with modulus, and,for strain harden-
ing materials ,modulus increascs witl. stress leve®l. However, it
cculd also be due to the effect of repeated loading of the same
sample, Prior to tests at the higher overpressures the soil had
been loaded previously with consequent volume change most
probably velume decrease, If tests at each overpres ure level
had been performed on a virgin sample,it is possible r~hat propaga-
tion velocity would have been found to be independent of ctress
level. Wave propagation velocity should be independent ¢~ stress
ievel since, for a given soil density, it should be deperd:nt on
the initial tangort modulus cnly. 1In these tests, the initial tan-
gent modul_s should be a constant along the length of the specimen
due to a constant geostatic stress.

The effect of a change in density, as indicated by a change
in unit weight of the soil, and stiffness for a giveu overpressure
i8 not as clear. For dry granular soils an increase in density
produces an increase in stiffness and stiffness increases at a faster
rate thus, an increase in density should produce a greater wave prop-
agation veloecity in these materials. This trend is present in the
data but not strongly manifest, probably as a result of errors in
taking the data off the polariod pictures.
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The lines in Figure 25 represent probable upper and
lower bounds of wave propagation vel city for the specimens and
gtress levels used in this study. They alsc indicate that in
changing the density of th: soll, from 26.6 to 108 pcf, wave
propagation velccity in these tests, increared by approximatsly
15 percent.

Figure 26 is a plot of velcecity of peak stress versus peak
cverpressure based on the data from five test series. The trend
is toward an increase in velocity of peak stress with an increase
i pesk overpressure. A portion of this increase in velocity of
seak ctress is tne vesult of densification of the specimens due
to repeated loading. However, the magnitude of the increase in
pesk stress velocity is sufficiently large that a major portion of
the velocity increase must be due to the increase in peaxk stress.

5train hardening materials increase in stiffness with scress
level. {ctawa ssnd has bzen shown to be a strain hardening mate-
rial, e.g., see Appendix I. Therefore, it is to be expected that
Jeak stress velocity would increase with an increase in overpressure.

Plots of arrival time of peak stress versus distance of
propagation, from which velocity of peak stress was determined,
could be represented by straight lines. This implies that the
velocity of oeak stress is independent of stress level since peak
stress attenuates with distence of propagation. This apparsnt
anomaly could possibly be the result of 1) the fact that stress
measurements were made over a length of approximately two feet,
2) normal scatier in the data may have obscured 2 peak stress ve~
locity decrease, and 3) the magnitude of the change in peak stress
was not sufficient to produce an observable change in peak stress
velocity.

The curves shown in Figure 2{ represent approximate upper
and lower bounds to the data. In general, it can be said that the
trend is toward an increase in velocity of peak stress with an in-
crease in density. Twc points for a specimen at a density of
102.4 pef lie on the upper boundary curve. The reason for this is
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no* known., The speciwmen from which this data was obtained was sub-
jicted to a2 loeding pulse having a zero dwell time of peak pressure
wiafle the other data was obt:.med from specimens lcaded by a pulse

naving essentially a 1 msec dwell time of peak pressure. More data
is needed to assers the effect ¢f the shape of the toading pulse

cn the veleceity of propagaetion of peak stress,

Comparing the data of Figure 25 with the data of Figure 16,
it is apparent that the velocity of peak stress is very much less
that the velocity of wave propagation, for a given overpressure and
soill density. Availliable stress-strain deta is not adequate to more

fully evaluate wave propagarion velocity and velocity of peak stress.

b. EPK Clay

Data showing the relaticnship between propagation
velocity and overpressure for the EPK clay ave shown in Figure 27.
It is evident that che range of measured propagiation velocities
is much greater for clay than for sand and the wave propagation
velocity for a given stress level is generally less fur clay than
for sand, In addition, the scatter in the clay data is
relatively large and the effect of a change in stress level on
propagstion velocity appears to be significantly greater for clay
than for sand. This increased significance ¢f stress level on
wave propagation velocitf ma8y be related to strain rate effects
with regard to their effect on the scress-strain curves and con-
sequently modulus. Available stress-strain dats are not adequate
to test this hypothesis.

In one of the tests there is shown & very strong tendency
toward a decrease in propagetion velocity with an increase in
peak overpressure. The reason for this anomolous behavior is not
known, The curves shown in Figure 27 represent approximate upper
and lower bounds to the data.

The da:x presented in Figure 27 has been replotted as
Figure 28 to illustrate the effect of degree of saturation on
propagation velocity, It is evident tiat changes in degree of
saturation preduce very significant changes in propagation velocity.
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The trend is toward a decrease in propagation velocity with an in-
crease in degree «f saturation. Tanis is the resulf of 3 decreuse

in initial tangent modulus and an increase in soil demnsity with arn
increass in degrees of saturationm.

The curves ghown in Figure 28 represent most probable upper
and lower tounds to the data. The figure #lso shows that the greatser
the degree of saturarion the less the probale range of propagation
velocities for the range of overpressures used in this study.

Figure 29 is a plot of velocity of peak stress versus peak
overpressure for four series of tests on EPX clay. With the excep-
tion of four data points, the data agrees guite well with the curve
shown This implies that, for the conditions of test described,
peak stress velocity iz independent ¢f soil properties. More data
is needed to test this hypothesis.

Comparing Figure 27 and 29, it is apparent that the velocity
of peak strees decreases with peak cverpressure wuiie the converse
is true with respect tc wave propagation. This ic due to the fact
that wave propagation velocity is dependent on initial tangent mod-
ulus, which will tend to increase with overpressure increage,due to
densification under repeated loading, while peak stress velocity is
dependent on the tangent modulus at the particular stress level un-
der consideration, which will decrease with an increase in stress
level due to plastic type stress strain characteristics of the clay
(see Appendix I),.

It should be noted that the range in velocity of peak stress,
for a given overpressure level, is much less than for wave propa-
gation velocity. This implies that, for clay soils, soil properties
are muck more important in determining the magnitude of wave propa-
gation velocity than peak stress velocity.

Figure 30 is 2 plot of degree of saturation versus velocity
of peak stress. It is apparent that the velocity of peak stress
tends to decrease with an increase in degree of saturation but the
magnitude of the decrease is relatively small, Also, it should be
noted that, for a given degree of saturation, the range in velocity
of peak stress is relatively small which indicates that it is not :
preatly affected by peak overpressure.
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Figure 30 Degree of 3aturationvs Velocity of Peak Stress, EPX Clay
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Comwparing Figure 28 and 30 it is evident that the degree
of saturation has a much greater effect on propagation velocity
than velocity of peak stress. Also, it should be noted that as
degree of saturation increases wave propagation velocity and veloc-
lty of peak stress approach each other.

4. Stress Viave Front Development

The portion of the stress-time curve between the first
appearance of a detectable signal and the main pesk is termed
the wave front, This portion of the report is concerned with
the shape of the wave front and the rise time to peak stress
aggsociated with the front as well as to changes in these
characteristics of the front as the front propagates through the

soil,

When a soil is lcaded by a pressure pulse the stress-
time history of the wave propagating through the soil may behave
basically in one of two ways. The rige time to peak stress may
increase with distance of propagation,which is indicative of
plastic type of wave propagation. The other alternative is
represented by a decrease in rise time to peak pressure with
distance of propagation resulting in the formation of a shock
front at some depth below the surface. At some depth below the
surface of loading,it is possible for the shock wave previously

formed to degenerate into a8 plastic type wave.

Seaman and Whitman (Reference 3) have shown that both
wave types are generated in sands and that the type existing at
& particular depth is a function of stress increment at the wave
front. 1In addition, they showed that formation and degeneration
of shock waves could be explained by a rate-independent streses-
strain model that incorporates an S~shaped stress-strain curve
with the effects of geostatic stress. 1In their report they
suggest, for sands, that when the ratio of the dynamic stress
increment at the wave front to the initial geostatic stress
exceeds 12, shock-wave formation can be anticipated. The afore-
mentioned criterion is proposed as a crude estimate and it is
recognized that the relationship may not be linear,
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All 12 test series conducted in the study end reported
herein provided information on wave front development. 1In
particular, test series 9 and 10 provided a better understanding
(one of their main goals) of wave front development. Test series
9 was performed on Ottawa sand while test series 10 was on
EPK clay.

a, OQOttawa Sand

Figure 31 is a set of pictures showing data obtained
from a test on QOttawa sand aZ a nominal overpressure of 200 psi.
These photos were obtained during test series 9 where the main
purpose was to study wave front development. Seven stress gages
were included in this test series but only four performed satis-
factorily. It is quite apparent that plastic-type wave propaga-
tion behavior is evident, i.e., there is no tendency towards a
decrease in rise time to peak stress with distance of propagation.
Such was the case in all test series, for all overpressure levels,
on Ottawa sand,

At a given overpressure and for a given soil demnsity,
rise time to peak stress always increased with distance of
propagation. For the conditions previously specified, it can
also be stated tnat rise time tended to decrease with an increase
in so0il density, The relationship becomes less distinct as
stress level is Increased,which is mwost¢ probably due to changes
in soil properties with each application of load. The same speci-
men was used for all stress levels in a given test series.

It was also clearly svident that rise time to peak stress
decreased as peak overpressure increaced. This was found to be
true for all density states tested. TFigure 32 shows typical gage
traces for nominal overpressures of 50 and 200 psi aad indicates
the decrease in rise time with overpresaure.

The discussion presented in previous paragraphs was
found to be true for both loading conditions used in this
study, That is for the condition where the dwell time of peak
overpressure was essentially zero. The principal effect of a
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Figure 31

Typicel Overpressure and Stress Gage Records, Ottawa Sand

Y= 101.9 pef

N

Upper
Trigger Gage

Lower
Overpressure Gage

Peak Overpressure: 225.4 psi
Distance: 0.0 in.

Sweep Speed 1 msec/cm

Upper
g ~ Gage No. 2
Peak Stress: 296.0 psi

Rise Time: 0.600 msec
Distance: 7.6 in.

Lower

o - Gage No. 3
Peak Stress: 264.0 p
Rise Time: 1.757
Distance: 15.3 1

Sweep Speed: 1 msec/cm

Ubper
o - Gage No. 11

Peak Stress: 203.0 psi
Rise Time: 2.239 msec
Distance: 30.6 in.

Lower
o -~ Gage No. C5-2

Peak Stress: 138.0
Rise Time: 3.06
Distaace: 38.2

Sweep Speed: 1 msec/cm
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Upper
¢ - Gage No. 2

Rise Time: 1.700 msec
Peak Stress: 81.0 psi
Distance: 7.6 in,

Lower

o - Gage No. 3 :

Rise Time: 3.928 msec
Peak Stress: 59.0 psi
Distance: 15.3 in,.

R

s w

-

(a) Gverpressure
Sweep Speed: 1 msec/ct
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Upper
o - Gage No. 2
Rise Time: 0.600 msec

Peak Stress: 296.0 psi
Distance: 7.6 in.

Lower
o - Gage No. 3

Rise Time: 1.757 msec :
Peak Stress: 264.0 psi
Distance: 15.3 1in.

(b) Overpressure ,
Sweep Speed: 1 msec/cm

Figure 32 Typical Stress Gage Traces Indicating Change in Rise
Time with an Increase in QOverpressure, Ottawa Sand
) Vg = 101.9 pcf
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decrease in dwell cime of peak pressure was to decrease the rise

time to peak stress for a given peek overpressure and distance of
propagation.

Based on previous discussion, it can be said that no
eyidence of shock-wave formation could be discernsed in the data
obtained in this experim:ntal study. Only plastic-type wave
propagation phenomena were observed. This manifested itself as
an increase in time to peak stress with distance of propagation
for all specimens and at all overpressure levels., The data upon

which these conclusions are based is presented in tabulated form
in Appendix 1V,
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b. EPK Clay

Figure 33 is 2 complete set cof data obizined from a test
en £PK clay at a nominal overpressure of 200 psi, These photos
were obtained from test series 10 where the main purpose was tc
, study wave front development., It is evident from these plctures
‘ that plastic type wave propagation is occurring throughout the
%; entire length of the specimen. Such a tendency existed for tests
' on all specimens at all stress levels, However, these data did
not appear as consistent as that for Ottawa sand., This is most
probably due to the greater difficulty in pinpeinting the time of
arrival of the stress wave as well as the time of arrival of pesk
: stress.

P T

L AR SR, - ST

For a given stress level it was not possible to discern
a definite relationship between rise time to pezk stress and the ;
properties of the specimenc, i.e,, moisture content (or degree of ;
gaturation) and density {or unit weight). MHowever, the data shows §
that degree of saturation has a significant effect on rate of rise :
to peak stress (ratio of peak stress to risetime) and that its
effect depends on stress lovel and distance of propagacion. This
relationahip is complex and more data is needed to adequately de-
termine it.
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Upper
Trigger Qage

Lower
Overpressure (Gage

Peak QOverpressure: 198.4 psi
Distance: 0.0 in.

Sweep Speed: 1 msec/em

Upper
o - Gage No., 3
Peak Stress: 153.0 psi
Rise Time: 1.810 msec
Distance: 7.6 in.

Lowe .
o - Gage Mo. 1
Peak Stress: 95.0 p
Rise Time: 2.555 msec
Distance: 15.2

Sweep Speed: 1 msec/em

Upper
Circum, Strain at 2.9 in.
Peak Strain: 43.2 ue :

Rise Time: 1.177 msec
Distance: 3.9 in.

Lower
c ~ Gage No., 2

Peak Stress: 51.0 psi
Rige Time: 3.710 msec
Distance: 22.8 in,

Sweep Speed: 1 msec/em

Figure 33a Typical Overpressure, Stress, Circumferential Strain,
and Reaction End Gage Records, EPK Clay

Vo= 101.9 pcf, w = 28.0 percent
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Lower

o - Gage No.

Rise Time:
Distance:

Sweep Spe-~d:

Upper
o - Gage
Peak Stress:

Rige Time:
Distance:

Lower

feak Stress:
Rise Time:
Distance:

Sweep Speed:

0
Peak Stress; 54
Rise Time: 8
Distance: 33

Lower

Peak Load:
Rise Time:
Distance:

Sweep Speed:

Typical Overpressure, Stress, Circumferent
and Reaction End Gage Records, EPK Clay
Yoo 101.2 pef, w = 28.0 percent
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Peak Stress: 118.0 psi
4.531 msec
30.5 in.

1 msec/cm

No. CS-2

59.0 psi
5.110 msec
38.1 in.

o - Gage No. 11

32.0 psi
5.800 msec
45,7 in.

1 msec/cm

Soil Reaction Load Cell
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Date were not adequate to establish a definite trend regard-
ing the effect of a change in overpressure on rise time to peak
stress, However, data shows that the rate of vrise to peak stress,
for a given set of soil conditions, increases with an increzse in
peak stress.

Comparing the data from test seriesc 3 with that of

test series 12 one can ascertain the effect of dwell time of
peak pressure on rise time to pesk stress.

b e 4w

Properties of Specimens Used

Test Series Tp(PCE) w(%)
3 105.8 29.3
12 103.8 27.9

Test series 3 was performed using aa overpressure-time curve hav-
ing a dwell time of peak pressure of approximately 1 msec while
that of test series 12 had a dwell time of peak pressure of
essentially zero., The data show that for a given overpressure,
rise time to peak stress increases with an increase in dwell time
of peak overpressure.

In summary, it can be said that plastic type wave
prcpagation was evidenced in all tests on EPK clay at all over-
pressure levels, Simultaneous changes in moisture content and wet
unit weight did not permit establishment of trends on the effect
of changes in these parameters on wave front development, but the
rate of rise to peak stress increased with overpressure. e data
censidered here is presented in tabular form in Appendix IV,

5. Wave Shape

An effort was made to evaluate the change in wave shape as
the stress waves propagated through the samples. This was done by
plotting nondimensional depth,'%’=;tp/Ta (ratio of time to peak
stress to the tims required for peak overpressure to attenuate to
50 percent of its maximum value), versus T/Ta (ratio of the time
required for peak stress to attenuate to 50 percent of its maximum
value to !ime required for the overpressure to attenuate, relatively,
the same amount). It was found that 50 percent attenuation was the
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Caveme .

maximm that could be used to get a value of the time constant T
from most of the gage responses. This was due principally to super-
position of the reflected and iacident waves.

i o i . sttt R ik
R B i and

The dats indicated a trend towerd an increase in T/Ta with
nondimensional depth, To This indicatex a broadening of the stiess
wave as it propagates through the soil, i.e., an increase in posi-
tive phase duration with nondimensional depth. The magnitude of
the incresse in the ratio T/T_ with nondimensional depth is depend-
ent on density, in the case of Ottawa sand, and density and moisture
content, in the case of EPK clay. Figure 34a is a plot of the data
from a specimen of sand having an air dry unit weight of 96.6 pcf.
Figure 34b is s plot of data obtained experimentally from a speci-
men of EPK clay having a wet density of 101.9 pcf and z moisture
content of 27 percent. The plots indicate the possibility that at
high valueg of nondimensional depth a comstant value of T/T_ would
be reached. This implies that the time required for 50 percent
attenuation is a constant after some limiting distance of propaga-

: tion.
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6. Stress-Strain Relations

. .
R TR R T S

v

In the wave propagation experiments soill stress gages
and soil strain gages were alternately positioned in the speci- :
mens approximately 3 ian, apart. The responses of these stress :
and strain gages were combined to comstruct the stress-strain
relationship of the s0il as the wave propagated aiong the speci-
men, The curves were constructed in the following manmer,

o

RN Pa ORR, O3 W e 2

(a) The strain-time relation for a given soil
strain gage was plotted (Figure 35a) with
the timing reference shownm.

Ko v matien

{(b) The stress-time relations for the stress
gages directly upstream and downstream
from the given scil strain gage were plotted
(Figur: 35b).
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~ Ottawa Sand
£ 1. = 96.6 pcf
g Nominal Overpressure m
g4 | O 50 psi
o O 100 psi
£ & 200 psi
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T 1
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Z
0 1. 1 j
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Nondimensional(zipth, Ty = tp/l‘a
5
o
EPK Clay
Yp = 101.9 pef
4 Nominal Overpressure w = 27.0 %
- g 50 psi

© 100 psi

a 200 psi

A 300 psi

Nondimensjonal Time Constant, T/T

0 | i d
0 1 2 3
" Nondimensional Depth, t_ = t_/T
(b) P p 2

Figure 34 Change in Stress Wave Dura-ion
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(c) The curves were synchronized by adjusting
their position on the time axis such that
the time reference mark uppeared at the
same inatant.

(d) An interpolation between the two stress-
time histories was made to approximate
the stress-time relation at the location
of the soil strain gage (Figure 35b).

(e) Stress and strain values corresponding to
the same time instants were picked off to
construct the stress-strain relation
(Figure 35¢).

Stress-strain curves constructed for Ottawa sand speci-
mens are presented in Figures 36 and 37. Figure 36 ghows curves
from a test at an initial density of 96.6 pcf while the curves
in Figure 37 are from a test at an initial density of 101.9 pcf.
Strains are plotted as total strain to indicate the complete
stress history of the specimen., The curves are generally S-shaped

with a yielding nature below approximately 40 psi end a stiffen-
ing behavior above that level.

In summary, it can be said that the data indicate an
S-shaped stress~strain relationship for the sand, with stiffening
occurring at stress levels above approximately the 40 psi stress
level, The data also show that soil modulus tends to increase
with stress level at a given point in the soil.

Stress-strain curves constructed fcr two EPK clsy speci-
mens at moisture contents of 27 percent and 29.7 percent are
presented in Figures 38 and 39 ,respectively. The curves are
nominaily linear onloading and do not strongly exhibit the S-shaped
characteristics indicative of sand. It is possible that such
behavior would become manifest at higher stress levels. More
research is needed to study the stress-strain characteristics of
clay in one~-dimensional compression.
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Figure 326 Stress Strain Curves from Embadded Gages,
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Peak strain lsgged peak stress,which is indicative of a
viscoelastic material., Clay is known tc have viscoelastic
properties and this property nas been used extensively as the
basis for models used to describe the stress-strain and wave
propagation characteristics of these types of svils.

The stress-strain curves presented were for test condite
ions in which the rise time to peak stress at the strain gage
location was 3 msec or greater, representing only a small part
of the test data obtained. The major portion of the data for
which the rise time was less than 3 msec were not considered due
to the limitation in the response time of the strain gage units
(0.3 mesec from 10 to 90 percent of full scale output). A definite
time lag berwszen stress and strain was observed for the test con-
ditions with a rise time {o pesk less than 3 msec, however, this
lag was at least partially due to instrumentation and therefore
was not considered reliable,

The stress-strain curves obtained indicate the feasibility
of the method used to obtain the data. The big problem remaéining
ie to improve Lhe response of the strain gages so as to be able
to more accurately accertain the stress-strain relationship for
the seil.

7. Strain of the Confining Chamber

During conducticn of the experiments reporte., measurements
were made of the strain in the walls of the confining chamber.
These measurements wevre made for the purpose of ascertaining the
magnitude of the radia« strain and its possible effect on wave
propagation phenomens. The measurements were made in the range from
3.5 to 4 in. from *he upstream end of the sample since closer to
the upstream end the radial strain should be greater,

it was observed that peak radial strain increased approxi-
mitely linearly with an increase in peak overpressure. The peak
radial gtrain was approximately 70 microinches per in., at a peak
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This magnitude of strain can be con-

overpressure of 300 psi.

sidered negligible and therefore gshould have no significant effect

on the wave propagation phenomena.
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Section V

COMPARISONS WITdA THEORETICAL MODELS

One of the principal purposes of this investigation was
we omepare the experimental results obtained with availgble
thooiy 2o gain inecight into the suitability of these theories for
predicting wave propagation phenomena., Due to limitations om
time and Tundin; it was not possible to make comparisors of the
data with a variely of theoretical solutions to the problem of
onc-dimensional wave propagation. Therefore, it was decided to
choyse & single theoreticel approach applicable to wave propaga-
tion through granular soils, and aunother, applicable to cohesive

soils, and compare the experimental results obtained in this study
with them. Past experience indicates that it is not possible to
use 8 single model for both scil types.

In previous wave propagation reseavch performed at IITRI
{Refereaces 1 and 2) a theorstiesl solution employing a nonlinear
inelastiec model for one-dimensional wave propagaticr wae used. A
special casz of this is the linear hysteretic model proposed by
Seaman and Whitman (Reference 3) which will be compared with the
results obtained from tests on Ottaws sand.

ik

2t
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i

s as“""!z‘iit%;?éﬁ( il

The theorcetical solutior bagsed cn the constant tan 6 wodel will

be compared with the results obtained on the clay (References 3
and 4). Based on extensive experimental and theoretical work

it is felt that these two mcdels are adequate for a good approxi-
mation of peak stress aittenuation. This will be the major pur-
pose for which they are used. Limitations in the data did not
permit comparisons of experimental and theoretica. results on
changes in stress wave shape and attenuation of peal pariicle
velocity. tress decay was not sufficient prior to the retusm of
the reflected wave to allow & comparison of changes in wave shape
and no particle veloclty measurements were made,
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on of experimental results with theory was hampered
by the lack of one-dimensional stress~strain data. Thie irforma-
tion waz not available in time for inclusion in this repcrt. It
was felt that a reasonsble prediction of model parametexs could not
be made without these data. Therefore, there was a resort to a
curve fitting procedure in order to determine the most reasonable
theoretical curve for the experimental data. This was accomplished
by plotting the data according to the dictates of the particular
theory and finding which theoretical curve would best fit the ex-
perimental results. Whether or not the same curve would have been
used, had the model parameters been known, is a moot question.

1. Peak Stress Attenuation

a, Ottawa Sand

The linear hysteretic model is characterized by a stress-
strain relationship where loading and unloading occur along
different straight line paths in such a manner that a loading
cycle causes a certain amount of permanent set and energy loss.
The principal features of the model (Reference 3) are as follows:

(a) The model is independent of the rate of
load application. 1t is characterized by
the attenuation parameter a and the modulus
Eg both of which can be determined from
static or dynamic tests,

{b) Loading and unlcading wave velocities are
constants: there is no shocking up or
other change in the general shape of the
wave front.

{c) Attenuations of peak stress and particle
velocity are entirely dependent on a which
is a function of the loading and unioading
velocities.

(d) The duration of a sitress wave propagating
through the medium tends to lengthen with
depth., This lengthening ic a function of «
and depth.
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E, 1is the loading modulus,

: E, 1is the unloading modulus,

¢, 18 the wave velocity on lceding,

¢y 1s the wave veloeity on unloading,

r 1s the ratio of recovered strain to

maximum strain,
ie the area within the hysteresis loop,

9, 18 the maximum stress obtained, and

€n 15 the maximum strain attained.

The value of o should be the same regardless of which of the four
methods is used to determine it. Actuaily, due to the fact that
80ll stress-strain curves are sufficlently nonlinear,the method
used to determine o may significantly affect its magnitude.
Definition of « on the basis of the loading and unloading wave
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velocities appears tou be the correct interpretation (rReference 3)}.

These velocities can be obtained from the taangent moduli of the
stress-strain curve since

¢ = JE
P
where

E 1s the tangent modulus and
p 1s the demsity.

For a nonlinear stress-strain relationship, the tangent modulus
should be determined at the peak stress attain:d.

Shock type loadings, i.e., where peak stress cccurs at
the shock front, reguire that as the wave propagates through the

soil the peak stress always occurs at the shock front and thece-
fore at the arrival t.me

t = ...z_.
P Co

where

v 1s the depth in question, and
¢, 1s the loading wave velocity.

The data collected in this study indicated plastic type
wave propagation phenomena, in which time of arrival of peak
stress occurved later than the initial arrival of siress. There-
fore, in the comparisons which follow, tD is the actual time to
peak stress, i.e., arrival time plus rise time. This is in
accordance with References 3 and 4.

Figure 40 shows plots of nondimensional peak stress

G t
~JE) versus nondimensional depth (T = TE' :
Py P o

In this discussion On is the peak measured stress at a particular
point, p, is the peak overpressure, tp is arrival time of peak
stress, T, is the time constant and Tp is nondimensional depth.
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Figure 41 indicates how the aforementioned parameters are obtained.
Determination of the time constant, T,» on the basis of the time
required to attenuate the peak stress to 0.368 of its peak value
is due to the fact that, for a spiked wave with an exponential
decay, T, becomes the exponential time constant.

The resul:s of only three of the six test series con-
ducted on sand are presented in Figure 40. This is due princi-
pally to the fact that for two test series the nondimensional
depth datawere incomplete to the extent that sufficient data
points were not available for plotting, and a third test series
was omitted because only four of a pussible 16 data points
indicated any attenmuation of peak stress.

Figure 40a and 40b indicate data obtained by loading
specimens of the QOttawa sand with a shock wave having a dwell
time of peak stress of 1 msec. The initial soil demsities were
96.6 and 108 pcf, respect’vely. Figure 40c shows data from a
specimen at a demsity of 102.4 pcf,which was subjected to a shock
wave having essentially a zero dwell time of peak stress. Super-
imposed upon each plot is a theoretical curve based on the linear
hysteretic model (the theoretical curve is for an overpressure
having a zerc dwell time of peak pressure). The theoretical curve
was chosen so as to produce a best possible fit of the experi-
mental data. The curve representing an attenuation factor
a = 0.30 appeared to be the most appropriate in each case.

It appears that the greater the initial density of the
scil the better the fit of the theoretical curve to the data,

This is probably due to a decrease in the magnitude of overregistra-

tion of the gage, with an increase in density, because of the
closer proximity of the moduli of the gage and soil the greater
the density. In comparing Figures 40a with 40b the effect of
soil density on scil-gage interaction phenomena is apparent from
the higher degree of overregistration for the loose sand than for
the dense sand. Values of nondimensional peak stress greater than

unity are caused by gage overregistration.
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The data shown in Figure 402 correlate least witk the
theoretical curve, This results from the increased significance
of variations introduced by scil-gage interaction phenomena as
related to the larger modulus mismatch betwesn the gage and the
soil, and the greater difficulty of uniform sample fabrication
and gage placement., However, the trend in the data is such that
for values of nondimensional depth greater than approximately 1.5
the data points may be randomly distributed about the theoretical
curve for a = 0,30, One must also allow for the possibility that
a might be greater than 0.30. The data for the dense sand fits
the theoretical curve for a = 0.30 fairly well and o should
decrease with an increase in soil stiffness. More data are
needed to resolve this question.

The data in Figure 40¢ show scatter but generally fit the
thecoretical attenuation curve relatively close. The data in this
figure were obtained oy subjecting a specimen with an initial
unjl.t weight of 102.4 pcf to overpressures having essentially a
zero dwell time of peak stress.

Attempts were made to evaluate the parameter ¢ based on
stress-strain data from the wave propagation tests. This was done
by using Equation (d) because the shape of the stress-strain curves
were such that this was felt to be the most reasonable approach.

The calculated values of a decreased with each loading of the speci-
men, This same trend was found by others (Reference 4). Based on
the calculated valiues of the attenuation parameter, a = 0.30 seems
reasonable.

In sumrary, the linear hysteretic model, using an attenua-
tion parameter a = (0.30 provided a reasonable approximation to tbhe
attenuation which occurred in the dense sand (ym = 108.0 pcf) sub-
jected to overpressures having approximately 1 msec dwell time of
peak stress, but the data from the loose sand (ym = 96.6 pcf) did
not fit the model as well, probably because of soil-gage inter-
action phenomena. The data from the sample of medium dense sand
(vg = 102.4 pcf) subjected to overpressures having essentially a
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zéro dwell time of pesk pressure generally followed the prediction
of the linear hysteretic model (a = 0.30) but showed large scatter.

The effect of the approximately I msec dwell time of peak
stress was evidenc. The net result was to decrease the rate of
attenuation in the near suvface region over that which would
ocecur for an essentially zero dwell time of peak pressure. How-
aever, the effect of the dwell time of peak stress diminishes with
distance of propagatiocn and as nondimensional depth increases
the data approaches the theoretical curve established on the
basis of 2 zero dwell time of peak stress, The significant depta

R TP P

o S o1
s

% of influence of dwell time to peak stress appears to increass
;i with a decrease in density.
‘% b. EPK Clay

Indications are that a theoretical analysis based on the
constant tan § model can be used to predict peak stress
? attenuation in cohesive soils (Referemce £ ). This model is a
{: linear viscoelastic model which has the same phase lag between
g stress and strain at all frequencies. The lag is due te viscous
a energy loss and causes a hysteresis loop to appear on a plot of
stress versus strain. The principal features of the constant

tan 6 model (Reference 3) are as follows:
{a) The model is characterized by a modulus

which is a function of frecuency and a
phase angle §.

R G

1R MY
SR St bt et e

(b) At all frequencies (including static)
there is a lag between stresx and strain
80 that a hyst:-esis loop is formec on a
stress~-strain diagram,

(c) The phase lag between stress and strain
is the same at all frequencies.

I
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(d) The average modulus for the model is a
function of both tan & (the phase lag)
and the frequency of load application.

(e) Different frequency components of a
stress pulse travel at different
velocities so that stress waves are
spread cut as they propagate. Both the
rise time of stress and the decay time
are lengthened. :

B e

o R

(£f) The attenuation of peak stress in the
range of interest on the project is a
function of {(z/To)tan 6]1 2, where z
is depth and T, is the exponential time
constant of the applied pressure.

)

Figures 42, 43 and 44 are plots of nondimensional peak
stress versus nondimensional depta for three tests con EPK clay.
The data for three other tests were omitted from presentation.
One because <f the scatter in the data was too great to offer a
meaningful trend, another due to the fact that it was not pos-
sible to estimate time of arrival to a sufficient degree for
determiniation of meaningful values of nondimensional depth, and
the thicd because a departure from the normal method of sample
preparation appeared to have a significant effect on the results.

Superimposed on the three figures are theoretical pre-
dictions of peak stress attenuation (based on a zerc dwell time
of peak overpressure) based on the constant tan & model of
Seaman-Whitman (Reference 3 and 4&4). It is quite apparent that
this model provides a reasonable approximation to the experimental

L O

ta, The scatter in the data of Figures 43 and 44, in general,
is relatively small. The scatter in the data of Figure 42 is
much larger,which may be partially due to the fact that this was
the f£irst test om clay.
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The scatter in the data of Figure 42 is such that it was Z
felt necessaxy to include the theoretical predictions for two
values of tan &; 0.20 and 0,40, It is not certain which of the
two values is more correc’: and more data are required before a
conclusion can be reached, However, since most of the data at
the lower stress levels correspond to the theoretical curve for
tan 6 = 0.40 and data for the two highest stress levels tend to i
correspond to the theoretical curve for & = 0,20, it is possible i
that densification of the specimen under the two lower stress
levels was sufficient to change the viscoelastic character of
the soill to an e¢xtent sufficient to change tan 6 from 0.40 to
0.20. The data under consideration were obtained on a specimen
having an initial wet unit weight of 101.9 pcf and & moisture con-
tent of 27 percent.

The data obtained in test series 3 on a specimen having ;
an initial wet unit weight of 103.8 pcf and a moisture content of
29,7 pevcent is shown in Figure43 . 1In this case the “heoretical
predicticons for tar 6 = 0.40 provide a good representation of the
experimental data., The data of Figure 44, for a speciman having
a wet unit weight of 113.2 pcf and a moisture content of 33.2 per-
cent, also agree well with the theoretical curve for tan 6 = 0.40.

In summary, it can be said that the constant tan & model
appeared to be able to reasonably approximate peak stress attenua-
tion characteristics of EPK clay if tans & were properly evezluated.
Therefore, the major problem is arriving at the sppropriate value :
of tan 6.
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Chapter VI

CONCLUSICNS AND RECOMMENDATIONS

1. Suvrmary cf Conclusions

Data obrained in this study illustrate the feasibility of
determining the stress-strain characterizstics of soils during wave
propagation tesc:. Having stress-strain data on wave propagation
teat specimens permits a much better understanding of phenomena
which occurs as stress waves propagate through soils.

ety PRIV LRI

The testing equipment; soil column, loading system, and
instrumentation, are suitable for one-dimensional wave propagation
experiments,

2., Discussion of Conclusions

.3 e B e R

a. Peak Stress Attenuation

The data indicate that the linesr hysteretic model could
be used to evaluate peak s8tress attenuation with a relatively good
degree of accurecy if the appropriate value of the attenuation
parameter a were chosen. Unfortunately, it is not presently pos-
gible to ascertain if the appropriate value of a could have been
choazen were standard laboratory one-dimensional strees-gtrain data
available., 4n exact value of o was not obtainable from the
stress-strain curves generated as a result of the wave propagation
experiments, However, the values of o obtained in this manner,
using the ratio of the hysteretic energy loss to the total ares
under the loading curve, was relacively close to the values
nbtained by curve fitting,

© e~

The clay data indicate that the constant tan § model could
be used to evaluate peak stress attenuation in the EPK clay if the
appropriate value uf ten § was chosen. The selection of tan 6 is
a difficult process, as was shown in Reference 4. The only
stress-strain data available for the prediction of this parameter




was that obtained from the wave propagatioa experiments and it
was felt that this was Inadequate., Therefore, evaluation of
this parameter for the EPK clay must await future research.

By plottiung the data in the form of nondimensional peak
stress versus nondimensional depth it was found that attenuation
was independent of c¢verpressure. However, in plotting non-
dimensional peak stress versus distance of propagation, attenua-
tion appears to be affected by peak overprassure, most probably
the result of repeated loading of the same specimen.

b, Strain Rate

In both the sand and clay tests, rate of strain vavied
substantially with overpressure and distance of propagation. This
indicates that in conducting tests to evaluate paresmeters as
input to theoretical models it may, in certain cases, be feasible
to conduct & series of tests over a range of rates of strain, As
far as pesk stress atcenuation is concerned it appears that the
mechanism can be considered strain rate insensitive. However,
this may not be true of other aspzets of stress wave propagation
phenomena in soils which azre significantly strain-rate sensitive.

c. Wave Front Development

Both the sand and clay indicated plastic type wave
nropagation behavior. It was thought that shocking up might be
observed, at least in the sand tests acr the higher overpressures,
on the basis of the criv:rion established in Reference 3. It was
not observed, and this may be due to the confining pressure on
the sand in combination wich the attenuation of peak stress,

¥

d., Stress-Strain Relations

A limited number of stress-strain curves were constructed
by combining the responses of the embedded stress ard strain gages.
The curves for Ottiuwa sand were S-shaped with stiffening behavior
indicsted at the highers stress levels., For EPK clay the stress-
strain relation was nominally linear over the loading portion with
& relatively large hysteresis loop on unicading., 4 time lsg
between peak stress and pesk strain was observed fcr the clay tests.

{
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3. Recommendations for Further Research

(a)

(b)

Perform additsonal ona-dimensional wave
propagation tests on clay solls, sand
gsolls, and sand-clay mixtures to measure
the stress and particle velocity attenua-
tion, changs of wave form and velocity.
Use thie data to evaluate wmodels which
seem feasible,

Where necesesry, for exaaple in the pre-
diction of change of waveform, modlifw
these theories tc permit reasonable pre-
diccions,

Perform & saries of experiments in which
each specimen is subjected tu only cne
loading to more fully assess effects of
density and degree of saturation or strecs
wave propsgation phenomena.

Conduct dynamic one-dimensionsl compras-
sion tacts to determine the loading
charasteristics cf so1ls and how to apply
thase characteristics to best obrain param-
aters needed ag input to appropriate theo-
retical models,

Conduct additional tests with embedded
stress and stvain gages to more fully
evaluate the stress-strain charscteristics
of sozl as a streas wave propagates
through it,
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(f) Continue refinement of suress and strain
gages for use in wave propagation experi- :
ments. This includes techniques for in-
place calibration of the atress gages.

(g) Development of a gage that will produce
a complete particle velocity-time record
during wave propagation.
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APFENDIX I
EVALUATION OF CONFINING CHAMBER

One of the most impcrtant phases of this research pro-
gram was to construct « confining chamber that had essentially
zerc axial stiffness and infinite radiel rigidity. These
boundary conditions are necessary for the study of one-dimensional
stress wave propagation,

AT s S anniss A Sy i
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1, Basic Apparatus

A composite ring type confining chamber was used in this
study, Figure 1, in the main body of this report, showe a
schematic diagram of the system. At the start of the program,
each section was & in. long and consisted of an aluminum
cylinder 3-13/16 in. ir length plus two neoprene rubber spacers,
each 3/32 in. thick., The inside diameter of the composite sec-
tions 2~ 51/64 in. and the outside diameter was 3-1/4 in, A
rubber membrane was placed inside each section and separated .
from the chamber walls by a thin lubricating layer.

Using three sections of the confining chamber (total
length of 12 in,), the static axial modulus of the composite i
chamber was determined experimentally to be 11.4 x 103 psi. As
will be seen subsequently, this stiffness proved to he too great.

Two static tests on Ottawa sand were run to aid in the
evalvation of the confining chamber previously described.

Test 1 Test 2
Density (pcf) 101.,3 105.0 ;
Specimen length (in.) 47.1 47.1 ;
Confining pressure (psi) 13.0 13.6G
Sample area (sq in.} 6.1 6.1 .
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The basic differences between these tests and the wave propaga-
tion tests were that the specimen was shorter and the load was

applied statically through a screw-type loading mechanism.

In Test 1, vac:line was used to lubricate the chamber
walls, Instrumentation consisted of a proving ring to measure
the load on the upstream end of the sample and a force washer™
for measurirg the load transmitted through the soil, a strain
gage to measure hoop strain in the confining chamber and a dial
gage to measure the total deflection of the soil specimen.
Figure 2 shows the technique of measuring the load transmitted
through the soil and throughk the confining chamber.

The results of Test 1 are shown in Figure 45, It is
apparent that only approximately one-third of the load was
transmitted through the soil, The hoop strain measured at a
point 16 in. from the upstream end was found to be 80 micrc-
inches per in, at an axial joad of 265 psi.

During the latter stage of the test,it was observed
that the specimen began to buckle, i.e., at midlength its
centerline rose to & height of approzimately 1/4 in. above its
original position. This myay have been, at least partially, the
cause of the low degree of stress transmission through the soil.

Static Test 2 was essentially the same as Test 1. The
differences between the two were that two load cells were
added to measure the load through the walls of the eonfining
chamber, a s5il strain gage was placed 13 in, from the upstream
end, silicon grease (instead of vaseline) was used as the
lubricant, and the confining chamber was supported at the third
points to prevent buckling. Approximately 40 percent of the
load was transmitted through the secil in Test 2. The load-
displacement data from Test 2 wer  similar to that from Test 1
and, consequently, will nct be presented. Soil strain gage

ﬁﬁ%eree Washer, Model No. 1050, Lockheed Electronics Co.
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data for the static tests under consideration will not be con-
sidered in this sectiocn,

a, Modification 1 ‘

Luad traasmission of 40 percent is imsufficlent. In an .
effort to increase the losd trancmizsion through the soil the
axial modulus of the confining chamber was decreased by increas-
ing the number of rubber gpacers at each joint from one to four.
Tc ascertaln the effectlivenesg of this modification static tests
were conducted on both Otcawa szand and EPK cley.

ERRELTI AT

Ottawa Sand EPK Clay

PR A

Density (pef) 104,0 86,77 H
Specimen length (inm.) 44,9 44,9 P
Confining pressure {psi) 14,0 0.0

Sample area {sq in.) €.1 6.1

Yolsture content Air Pry 27.5 ;
*, H

Dry Density

With the excepticn of doubling the number of rubber
spacers, all test conditions were the same as previcusly noted
for static Tesat 2., The data from the test on Ottawa sand,
shown in Figuwe 46, indicate that the load tramsmission through
the soil wag between 75 and 85 percent of the applied lead,
Thus, doubling the number of spacers between metal sections
essentially doubled the percent of load transmitted through
the Ottawa sand.

s

The data for the clay test are shown in Figure 47.
The sample was compacted by kneading compaction using a
Harvard Miniature Compactor., The data show an average load
transmission through the soil of approximately 65 percemt. The
shape of the load-deflection curve is significantly different |
for the sand than the clay. This curve is concave to the load
axis for the (ttawa sand and concave to the deflection axis
for the EPK clay over the pressure range tested.
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buiging. At an axial load of 485 1b (79.5 psi) the g
to squeeze out at the rubber stacers. As a result, the test was
terminated at this point. Hocp strain in the confining chamber.
measured 23 in. from the loading end, reached a maximum of

27 microinches per in. at an axial stress of 79.5 psi. The
deflection at the time the test was halted was 1 in.

b. Modification 2

In an attempt to increase the percent load transmission
the segmented confining chamber was modlified such that each unit
was 2-12 in. in length including four neoprene rubber spacers. The
only other difference between the tests conducted to evaluate the
chamber as first modified and the ones now under consideration is
that the load transmitted through the soil was measured by load
cell* rather than a force washer.
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Sand Clay

Density (pef) 103.6 108.0%*
Specimen length (in.) 49.3 43.9
Confining pressure (psi) 13.0 0.0
; Sample area {8q in.) 6.1 6.1
E Moisture content (%) Air Dry 29.2
** Wet Dens ity

For the test on the clay,the average percent load trans-
mission was above 70 percent which represent< a significant
increase over the data reported for Modification 1, As pre-
vicusly noted for the clay,the locad deflection curve was concave
to the deflection axis. At an axial stress of 135 psi,the hoop
strain, measured 7-12 in. from the loaded end, was 49 microinches
per in., and the hoop strain measured 35 in. from the loaded end,
was 32 microinches per in.

*Load Cell, Model No. 211, Kistler Instrument Corp.
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The Ottawa sand data showed an S-shaped load-defieciioun
ar

curve that deflection increased, became concave to the load

]
n

w3

—y =

axis, Stress transmission through the soil initially decreased
slightly ard then increased slightly as average specimen strain
increased. The average percent stress transmission through the
sand was less (approximately 70 percent),with the confining
chamber now under consideration, than the one considered under
modification 1. This could possibly be the result of the
tendency of the chamber of shorter segments to buckle and thus
increase the friction loss to the support system as well as to
cause eccentric lcading of the column. 1In addition, the
proportionate area of soft material was significantly increased
which produced more local bulging of the sample and possibly an
increase in load on the confining chamber.

The fact that the sand and clay produced approximately
the same percent stress transmission for both the sand and clay
is gratifying. This indicates that the confining system treats
both soils essentially the same,

The load deflection curves obtained with modification 2
of the confining chamber are very similar to those obtained with
modification 1 and consequently, will not be presented.

c. Modification 3

In an attempt to further increase the percent load
transmission it was decided to replace the neoprene rubber
spacers with foam rubber spacers having one-tenth the stiffness.
To evaluate the efficiency of the new system a test was con-
ducted on 20-30 Ottawa sand.
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Density ‘vwcf) 105.0
Specimen length (in.) 45,7
Confining pressure {psi) 14,0
Sample area (sq in.) 6.1
Moisture content (%) Ailr Dry

Figure 48 shows the data obtained from the test under
consideration and indicates that modification 3 of the confining
chamber was more effective than anything used thus far. The
load transmission was not significantly affect.d by displacement
(strain} ard the average transmission was above 90 percent.

It was anticipated that there possibly would be a
problem with bulging of the soft foam spacers and possible
extrugion of the <so0il with this system especially for the clay
tests. However, it was decided that the high degree ur locad
transmission through the soil outweighed the disadvantage of the
spacer bulging. Therefore, it was decided to use the confining
chamber as represented by modification 3 for the wave propagation
experiments.

2. Summary
The confining chemoer went through three modifications
before one was determined to be adequate for the conduct cf
stress wave propagation tests. In the process of the evaluation
of the confining chamber, a total of 9 static tests were con-
ducted on Ottawa sand and EPK clay. As a result, modification
3 of the confining chamber was chosen for the stress wave
propagation tests. This chamber was composed of hollow
cylindrical sections 2-5/8 in. long with an inside diameter of
2-51/64 in. and an outside diameter of 3-1/4% in. The individual
sections consisted of an aluminum cylinder 2-1/8 in. long with
s 1/4-in, thick foam rubber ring glued to both ends. The
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systen produced load transmission above 990 percent for stresses
up to 300 psi and appeared to be independent of soil type.

Three problems were noted with respesct to the uss of
the confining chamber.

(1) Bulging of the sorl at the location of
the compressible spacers.

{2) The relatively large mass of the confining
chamber,

(3) The tendency teward buckling of the columm
composed of the soil and the confining
chamber,

In the static evaluation tests of tha chamber some
bulging of the soill occurred at the location of the compressible
spacers, This bulging was more prominent in the clay tests than
in the sand tests. A possible result cf this bulging is to
increase the load carried through the walls of the confining
chamber. To ascertain quantitatively the effectiveness of this
bulging on decreasing the percent stress transmission iz not pos-
sible, rowever, based on the datu obtained with modificetion 3
of the confining chamber it cannot be significent. 1In addition,
for stress wave propagation teste the ragnitude of the bul_ing
should be much less because of thes lateral inertia effect.

The thickness of the walls of the confining chamber does
present certain problems. The mass of the confining cnamber is
approximately equal to the mass of the soil centained therein,
Sirce the cocafining chamber moves with the goil, its mass will
have an effect on shock wave propagation phenomena., An attempt
will be made to teke the effect of this increase ip mass into
consideration in Che aralysis of the data,

In certain ipstances there was a tendency for the
chamber to tu~tie, which increases the friction loss te the
support systea z.d causes eccentric locading of the column, The
loading time of the soil specimen in the wave propagstion
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experiments will be much less than for the static tests, and the
sample will not be loadad simultaneously throughout its length,

Therefore, it was anticipated that the friction loss produced by
the tendency toward local buckling of the column would not be a
problem in the dynamic tests. This conclusion was justified by

observation during the wave propagation experiments.

In addition, it should be noted that the ball-bearing :
support system for the confining chamber worked well, The :
friction loss due to the confining chember moving on the ball '
bearings appeared to b’ negligible,

In conclusion, the data collected on the performance of
the confining chamber justifies its suitability for use in stress
wave propagation experiments,
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APPENDIX II
$OIL PROPERTIES

1. General

The two soils used in this study are standard 20-40
Ottawa sand and EPK clay. The properties and characteristics of
these soils are described herein to aid in a better understand-
ing of phenomena which occur when these soils are subjected to
air shock loading. In addition, the particular properties which
pertain to each specimen used in the wave propagation experi-
ments are tabuisted,

Ottewa sand ccres from the region around Ottawa, Illinois
and consists of subrounded particles of relatively uniform size.
The grain-size distribution curve for this soil is shown in
Figure 4%. The specific g. ity of solids for Ottawa sand is
2.66,

Edgar Plastic Kaolinm (EPK) clay, & naturaliy occurring
kaolinite, is hydraulically mined and water processred from a
1-million ton deposit in North Cemtral Florida. The clay is
available in both disintegrated peliet and airfloated grades;
the airflioated grade was used in this study.

The grain-size distribution curve for this soil is
shown in Figure 4. It is apparent that the EPK clay is much
finer and more well graded than the Ottawa sand, i.e,, it3
vange in particle size is much larger, The difference in
particle size and grain-size distribution produce significant
differences in wave propajsation phenomena. The specific gravity
of golids of this soil is 2.65, the ligquid iimit 56.2 and the
plasticity index is 19,6,

108

it bttt A i

eV

Tt (] R -t OIS A N T 5

IR, &

-
AN




O
wy
[]
O
O
t
&
M
<g

TRty et . . D

{e1n Yd% pue PUBS empyq, ‘saaang GOHuzawkumwa ®213 uyesy 6% aangy,

uny .hwuwsmﬂa mﬂuwupmm

q H_ooo 10°0 I'0 z-o S0 1 Ct
] T ¥ ™ ] T ¥ | ] T wo ,
~} 01
-4 0z
Aeyn AdaT o ¥
pueg BaB330 ¢ Y o m
8
oy 7 2
= =
S
1o §
vz =1 o9
1 o¢
~J os
1 05
5
T 601




PR S——

.

AFWL-TR-66-56

One of the principal reasons for choosing the EPK clay
was that it is practically pure kaolin — greater than 99 per-
cent. Kaolin clays are not thixotropic, i.e., their properties
do not change with time at constant moisture content (References
14 and 15). This characteristic is extremely important due to the
fact that sample preparation, test setup, and testing required a
minimum of approximately 2 days for tests on clay.

2. Wave Propagation Specimens

Specimens used in the wave propagation tests were made
up o. elther Ottawa sand or EPK clay. The properties and
characteristics of these specimens are given in Table 1, for
the Ottawa sand specimens, and Table 2, for the EPK clay speci-
mens. These tabulated data provide information on the range of
soil properties considered,

3, Strain~Rate Effects

It is generally conceded that strain-rate effects are of
no consequence in air-dry Ottawa sand. Therefore, no atter~t
was made to eviluate strain-rate phenomena for this soil.

Strain-rate phenomenon is known to be of great signifi-
cance with resycect to the stress-strain characteristics of fine
grained soils. Accordingly, in choosing the clay to be used in
this study,a necessary requirement was that the soil be signifi-
cantly strain-rate sensitive. Upon receiving samples of the
EPK clay, one of the first tasks was to ascertain whether it was

sufificiently strain-rate sensitive.

To check the degree of strain-rate sensitivity of the
soil a special series of dynamic unconfined compression tests
were run. Specimens of the clay were prepcred at various
moisture contents and compacted at a giver compactive effort
with the Harvard Minlature Compaction apparatus. The
compactive a2ffort wac 5 layers, 25 blows per iayer, with a
20 pound spring. The specimens obtained were L<5/16 in. dia-
meter and 2-13/16 ia. long.
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Tabie 1
PROPERTIES OF WAVE PROPAGATION TEST SPECIMENS, OTTAWA SAND

VA FAT W APV OADE W Sortre e

Test *Mass oid Confining Specimen Specimen

Series Density Ratio Pressure Length Area

No. {pcf) {pel) (in.) (sq imn.) :
1 103.8 0.60 *%13.0 61.9 6.1 j
5  108.0 0.54 13.0 61.1 6.1
6 95.6 0.72 13.0 61.4 6.1 ;
7 i01.9 0.63 13.0 61.3 6.1
9 101.9 0.63 13.0 60.5 6.1

il 102.4 0.62 14.0 60.3 6.1

* Ail specimens were tested in the air dry state.

*% Nominal confining pressure, actual confining pressures less
due to line losses.

+ Specific gravity of soils 2.66.
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Table 2
PROPERTIES OF WAVE PROPAGATION TEST SPECIMENS, EPX CLAY

kil STk 2 SRR S

Test Mass Moisture *Degree of Yoid Specimen  Specimen %
Series Density Content  Saturstion Ratio  Length Area 3
Wo. (pef) (%) (%) (in.} (g¢ in.) ;

2 101.9 27.0 67.6 1.06 61,7 6.1 §

3 103.8  29.7 73.9 1.07 611 6.1 1
4 113.7 33.1 94.0 0.9 5%.9 6.1 §

8 113.2 33.2 93.1 0.95 61.6 6.1 3
10 101.9 28.0 68.8 1.08 60.3 6.1 %
12 105.8 29.3 76.2 1.02 6C.6 6.1 _
* Specific gravity of solids 2.65. .%
i

S,
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The rate of strain in the dynamic tests was 64-1/2 in
per second and was constant throughout the time of loading.
The static tests were conducted at a rate of compression of
0.049 in, per minute, The difference in rate of strain for the
static and dynamic tests was sufficient to detecrmine if the soil
was ¢train-rate gemsltive,

The results of this study are shown in Figure 50. It
is quite evident, from the data, that the soil 18 strain-rate
sengitive. TYor the range of moisture contents tested, the
dynamic strength at failure was always greater than the static
strength by at lasasgt 2 factor of two, Thus, it was established
that the soll was strain-rate sensitive to a significant degree
and sultable for inclusion in the wave propagation experiments.

It is recognized that the strain-rate effect may not be
the sarwe for confined as for unconfined compression. Neverthe-
less, this zffect i8 sufficiently large in unconfined compression,
and it is certain to bhe significant in one-dimensional compres-
sion. Strain~-rate sensitivity is a soil property and boundary
effects can alter but not eliminate it.
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APPENDIX III
SUMMARY CZ7 STRAIN AND STRAIF RATE DATA

Strain and strain rate data from wave prupagation tests
are sumarized in this Appendix. The data include that
obtained from tests on (ttawa sand and EPK clay. The data
include information on peak strain, rise time tc peak strain
and strain ratc and indicates variation in these measured
values wich soil properties, peak overpressure, distance of
propagation and peak overpressure duration.

Tables 3 to 5 and 7 to S contain dats obtainesd by load-
ing specimens of Ottawa sand and EPK clay, respectively, with
an overpressure having approximately a 1 msec duration of peak
pressure., Tables 6 and 10 contain data obtained by loading
samples cf Ot.tawa sand and EPK clay, respectively, with an over-

pressure having essentiallv a zero dwell time of peak overpressure.
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Table 3

SUMMARY OF STRAIN-TIME DATA
Ottawa Sang, Y = 96.5 pcf

SR o o 1o i
(L]
e G

AR e R

HE

- e A

2 Tesi Gége | 'Gége Peék Over-
H No. No. Location pressure Strain Peak Strain Rate
! (in.) (psi) (%) (msec) (%/se0)
H

% 4 TN o T TR
P PR R b e R R Om AN |

Peak ige Time to Strain

6-1  ¢F 8.5 51,6 1.37 4,49 305
l el 13.5 1.00 5.14 194
e2 21.0 0.558 3,18 173
= e3  28.5

6-2 eF 8.5 90.2 1.32 2.26 584

| el 13.5 1.07 1.90 563
g 21.0 0.81 2,20 368

e3 28,5 1,06 4.07 260

5 I 8 AL SO,

6-3 eF 8.5 188.0 1.87 1.54 1214
el 13.5 1.72 2.10 819
el 21.0 0.85 2.39 357
el 28.5 1.61 2.69 599

-~
B P i il

3

6-4 eF 8.3 272.0 1.88 1.97 954

el 13.5 1.97 1.44 1368

e2 21.0 1.01 1.34 754

| e3 g 28.5 1.60 1.11 1441
{
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Table &4

SUMMARY OF STRAIN-TIME DATA
. Ottawa Sand, Vg = 101.9 pcf

o, AT i G DI

rain

P

T (L Sy

ea Rise Time ¢ 5t

el e A o B T D R B

Test  Gage Gage Peak Qver-

No. No. Location presgure  Strein Pesk Strain  Rate
(in.) (psi) (%) (msec) (%./sec)
7-1 EF 8.5 53.4 1.02 2.41 427
el 13.5 0.93 2.58 360
e2 21..0 0.76 3.35 227
€3 28.5 0.52 5.39 96
7-2 eF 8.5 85.8 1.21 2.34 517
el 13.5 0.86 2.08 413
e2 21.0 0.61 2.84 215
g3 28,5 0.68 3.60 189
7-3 eF 8.5 166.0 1.69 1.72 983
el 13.5 1.11 1.53 725
g2 21.0 1,1 2.74 401
g3 28.5 0.85 2.12 401
7-4 eF 8.5 255.9 i.81 1.11 1631
el 13.5 1.27 1.19 1067
g2 21.0 1.06 1.39 763
e3 28.5 0.95% 1.42 669
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Gage

Ottawa Sand, v,

Gage

Table 5

SUMMARY OF STRAIN-TIMFE DATA
= 108.0 pcf

Peak Over-

'Peak

Rise Time co‘

Straln
No. No, Location pressure Strain  Peak Strain  Rate
(in.) (psi) (%) {msec) (%/sec)
5-1 eF 8.5 50.7 0.42 1.92 219
el 13.5 0.36 3.05 118
g2 21.0 0.33 2.11 156
g3 28.5
5-2 eF 8.5 82.7 0.24 1.21 281
el 13.5 0.32 0.63 506
g2 21.0 0.4% 2,18 227
3 28.5 0.19 1.17 162
5-3 eT 8.5 214.0 0.68 1.21 562
el 13.5 0.57 0,56 1018
g2 21.0 0.97 1.80 539
e3 28.5 0.80 2.30 348
5-4 eF 8.5 250,0 0.60 0.62 968
el 13.5 0.69 0.95 726
€2 21.0 0.93 0.83 1120
€3 28.5 1.77 1.47 1204
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Table 6

SUMMARY OF STRAIN-TIME DATA
Ottawa Sand, Y = 102.4 pef

Test Gage Gage Peak Over- Peak Rise Time to Strain
No. No. Location pressure Strain Peak Strain Rate
(in.) (psi) (%) {msec) (%/sec)
11-1  eF 8.6 55.3 0.59 2.10 281
el 13.7 1.13 3.64 310
e2 21.3 0.42 1.67 251
€3 28.9 0.28 3.20 87
11-2 =F 8.6 110.6 0.80 1.54 5.9
el 13.7 1.24 1.80 689
g2 21.3 0.51 2.33 218
€3 28.9 0.55 2,73 201
11-3 €F 8.6 214.6 1.01 1.05 962
el 13,7 1.51 1,34 1127
g2 21.3 0.77 1.30 592
€3 28.9 0.64 1.97 325
11-4  ¢F 8.6 302.8 1,37 1.21 1132
el i3.7 1.68 1.08 1555
g2 21.3 0.96 0.73 1315
€3 28.9 0.70 1.40 500
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Table 7

SUMMARY OF STRAIN-TIME DATA
EFK Cley, Yy = 101.9 pcf, w = 27.0 Percent

o, o

e e

Test Gage Gage Peak Over- Peak Rise Time to Strain
No. No. Locatiocnn  pressure Strain Peak Strain Rate

(in.) {(pai) (%) (msec) (%/sec)
2-1 33 5.0 65.0 1..4 2.18 509
el 15.5 1.35% 2.34 653
€2 18.5
e3 28.5
2-2 eF 5.0 125.0 2.35 2.02 1163
el 13.5 2.60 2.50 1040
g2 18.5
e 3 28.5
2-3 £F 5.0 201.0 4,40 2.24 1964
el 13.5 3.85 3,23 1192
g2 18.5 3.79 3.70 1024
el 28.5 2.38 4,68 508
2~4 eF 5.0 325.0 6.60 1.92 3428
el 13.5 5.61 2,31 2429
e2 18.5 5.72 2.64 2166
€3 28.5 2.88 4,37 659
120
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Tabie &

SUMMARY OF STRAIN-TIME DATA
EPK Clav, Vg = 103.8 pef, w = 29,7 Percent

Test Gage Gage

3 ety 5% e, 3 Jom e gty Erh bt e o i d Ll et s ) i b sl e A~ e e
Peak Qver~ Peal Rige Time to Strain

No. No. Location pressure Strain Peak Strain Rate
(in.) {psi) (%) (msec) (%/sec)
3-1 ef 8.5 58.2 1.10 2.95 373
el 13.5 2.290 2.80 786
g2 21.0
€3 28.5 2.62 3.61 726
3-2 EF 8.5 105.2 2.45 2.03 1207
el 13.5 3.53 3.03 1165
g2 21.0 1.25 3.27 527
g3 28.5 2.62 3.18 824
3-3 ex 8.5 208.3 5.35 2.52 2123
el 13.5 5.78 3.10 1864
g2 21.0 2.76 2,63 1049
£ 28.5 3.67 4.33 848
3-4 eF 8.5 300.5 5.60 1.28 4375
el 13.5 11.13
g2 21.0 3.48 2.90 1740
g3 28.5 5.16 3.25 1588
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Teble ¢

SUHMARY OF STRAIN-TIME DAIh

EP¥ Clay, = 113.2 pef, w = 33,2 Percent

Rise Time to Strain

Peak Dver» Peak

Test uage Gage

No. No. Locatiop pressure Strain Pesgk Strain Rate
(in.} (psi) (%) (mgec) (%Z/sec)
8~1 EF 8.5 62.6 1.32 1.90 695
el 13.5 .60 1.97 305
€2 21.0 0.56 1.41 397
c3 28.5 0.56 3.54 159
8-2 EF 8.5 100.9 1.84 1.77 1040
el 13.5 0.81 6.90 896
gl 21.0 1.02 1.87 545
e3 28.5 0,62 1.28 481
8-3 eF 8.5 193.1 2,15 0.80 2687
el 13.5 1.07 0,77 13990
g2 21.0 1,12 0,75 1493
g3 28.5 1.36 2,23 610
8-4 eF 8.5 252.2 2.82 1.87 1508
el 13.5 1.17 1.22 959
g2 21.0 1,19 0.37 2973
e3 28.5 1.36 0.62 2193
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AFWL-TR-66-56

Table 10

SUMMARY OF STRAIN-TIME DATA
EPK Cle, Ty 16. .8 pef, w = 29.3 Percent

o— oom -

Test Gage Gage Peak<5ver;Ji Peak Rise Time to Strain
No. No. Location  pressure Strain Peak Stzain Rate
{in.) (psi) (%) (msec) {(%/sec)
12-1 =F 8.7 58.5 0.48 1.70 282
el 13.8 0.89 2.48 325
€2
€3 21.4 0,42 2.07 203
12-2  ¢F 8.7 110.3 1.50 1.93 777
’ el 13.8 1.79 2.52 10
el
) €3 21.4 0.77 3.18 242
12-3 €F 8.7 201.2 3.60 1.90 L300
el 13.8 3.20 2.92 1096
e2
€3 21.4% 0.92 3.70 249
12«4 ¢F 8.7 292.4 3.60 1.73 2081
el 13.8 4.14 2.39% 1732
e2
€3 21.4 1.64 3.08 532
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APPERDIX IV
SUMMARY OF STRESS ARRIVAL AND RISE TIME DATA

Time of arrival and rise time to peak stress data are
surmmarized in this Appendix. The data iucludes thac obtained
from tests on QOttawa sand and EPK clay. The data are presented
in tabular form and gives arrival time and rise time to peak
stress as functions of air dry unit weight, for Qttawa sand,
moisture content and wet unit welght, for EPY clay, overpressure
and distance of prepagation.

The sum of arrival tim= and rise time to peak stress, t
was divided by the exponential time constant, TO, of the over-
pressure to produce a nondimensional depth, v . Values of non-
dimensicnal depth are also shown in each table,

P’

In every instance it was not possible to show a complete
set of arrival time and rise time data for each test., The
reason for such absences is elther z wmalfunction of a particular
gage or gages and/or the blanking pulse, which acted as a time
reference, was not distinguishable.

The test nurbers give an indication of the nominal peak
overpressure for each test, For example, tests 6.1, 6.2, 6.3
and 6.4 would indicate nominal peak overpressures of 50, 100,
200 and 300 psi, For actual values of peak overpressure for a
given test, refer to the tables of Appendix III.
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AFWL-TR-66-56

Teble 11

SUMMARY OF STRESS ARRIVAL AND RISE TIME DATA
Ottawa Sand, vy = 96.6 pef

T—— e e et mrmigh . arBesIn, 3won
Sv——— At

4 ™
Test Gage Posit.on B%ﬁg%ing Agiégal %%;i Pezimgtzgss To = zg
No. No. (in.) (msse) (msec) (msec) tp (msec) 'p 1,
(msec)
6-1  p, o 4,649 4,620
o#t6 5 4,382 G.267 3.033 3.300 0.714%
o#3 10 4.029 0.620 3.676 4.296 0.930
o#S 17.5 3.633 1.016 5.333 6.349 1.374
offll 25 2.633 2.016 6.033 8.049 1.742
6-2 p, 0 5.380 3.699
o#d 5 5,088 0.292 2,176  2.468 0.667
‘ o#3 13 4.765 0.615 2.235 2.850 0.770
o#t5 17.5 4,133 1.247 4.133 5.380 1.454
o#ll 25 3.600 1.780 4.600 6.380 1.725
6-3 p, 0 5.526 3.187
o#6 5 5.206 0.320 1,876 1.996 0.626
o##3 10 4,912 0.614 1,265 1.879 0.589
o#5 17.5 4.166 1.360 2.466  3.826 1.200
6-4  pg, 0 5.614 2.836
o#t6 5 5.235 0.379 1.206 1.585 0.559
G#3 10 4,970 0.644  9.794 1,438 N.507
O%5 17.5 4.133 1.481 1.300 2,781 0.931
5#11 25 3.467 2.147 1,600 3,747 1.321
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SUMHFARY CF STRESS ARR:YVAL AND RISE TIME DATA
Ottawa Sand, Yoy = 101.9 pef

[& A

g m——

e

3 SR N e

Ll

FAFE]
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Ba 80

PR PR AN

LTy N P R N A T

Test Gage Position Blapking Aryival Rise ?ezimgtEZss To t
Ne. No. {in.} ?;ése Time — Time t (msec) “p TE
sc) (msen) {msee) P o
(msee)
7-i P, 6 4.609 4.783
oft6 5 L.464 0,145 1,942 2.087 0.436
o#3 10 4,029 (0,380 2.485 3,065 0.641
o#1l 75 3.627 0.982 3,864 4,848 1.013
o3 25 2.949 1,660 5.661 7,321 1.531
7-2 Pq 0 5.275 3.942
o#é 5 4,985 0.290 1.188 1.478 0.375
o#5 10 4,608 0,687 2,289 2.956 0.750
offill 17.5 4,237 1.038 3,050 4,088 1.037
o#3 25 3.559 1.716  3.559 5.275 1.788
7-2 P 0 5.536 3.4290
ofté 5 5.333 0.203 1.710 1.913 0.559
JE#S 10 4.840 0,696 1.652 2.348 0.689%
o#ll 17.5 4,372 1.164 2,237 3.401 0.994
o#t3 25 4,000 1.536 4,338 5.874 1.717
7-4 P, 0 5.594 2.913
ofté 5 5.362 0.232 1.304 1.5356 0.527
o#5 10 4,956 0.638 1.130 1.768 0.607
o#1ll 17.5 4,407 1.187 1.491 2.678 0.913
o3 25 3.864 1.730 1.593 3.323 1.142
126
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Table 13

SUMMARY OF STRESS ARRIVAL AND RISE TIME DATA
Citewa Sand, ¥, = 108.0 pef

- PPN

Test Gage Position Blanking Argival R}se Pezémgtégss Ta EE
No, No. (in.) Pulse Time =~ Tizme t (msec} ‘p T
(msec) (msec) {mser) P o
(msec)
5-1  p, 0 4.628 5.357
o#3 5 4,470 0.158 1,617 1,775 0.331
o#b 10 1.268 0.336 2.000 2.32% 1.600
o#1l 17.5 3.661 0.967 2.779 3.74% $.699
o#5 25 3.050 1.578 3.796 5.374 1.003
5-2 p, 0 5.057 0.429
o#3 5 4.911 0.146 1.176 1.322 G.206
036 10 4,558 0.499 1,764 2.263 0.352
offll 17.5 4,067 0.990 2.135 3.125 0.486
75 25 3.627 1.430 2.678 4,108 0.639
5-3  p, 0 5.200 3.257
o/} 5 5.088 0.112 0.9:1 1.023 0.314
a6 10 4,823 0.377 1.205 1.582 0.486
o#il 17.5
o#5 25 3.830 1.370 1,762 3,132 0.962
5«4 pg 0 5.342 2.957
o#3 5 5.264 0.078 0.647 C.725 0.245
aité 10 4.970 0.372 G.705 1.077 0.364
o#il 17.5
o#5 P 4,135 1.207 1.186 2.393 0.80¢%
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Table 14

SUMMARY OF STRESS ARRIVAL AND RISE TIME DATA
Ottawa Sand, Vg = 101.9 pef

S — —
. Time To
Test Gage Position Blanking arrival Rise Peak Stress T, ¢
No. No (in.) Pulse Time Time ¢ ( y Tp ° TR
* * i (msec) (msec) (msec) P msec) P )
(msec)
-1 pg 0 2.449 4,667
a#t? 7.6 1.886 €.563 1.700 2,263 0.485
ol 15.3 1.328 1,121 3,928 5.049 1.082
o#l1l 30.4 | 0.245 2,203 %070 7.973 1.708
9-3 P, 0 3.029 2.739
uit2 7.5 2.528 9.50L  0.600 1.101 0.402
o#3 15,1 1.986 1.043 1,757 2.800 1.022
o#1l 30.2 0.967 2,062 3,393 4,455 1.626
offcs-2  37.7 0.410 2,619 3.066 5.685 2.076
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Table 15

SUMMARY OF STRESS ARRIVAL AND RISE TIME DATA
Ottewa Sand, 7 =10 2.4 pcf

ggft gg?e Po?i:i§n B%ﬁggéng Agiégal %ig: PeaktStress (m::c) S ;R
* (msec) (msec) (msec) P P o
(msec)
11-1 P, 0 4,985 3.420
o#3 5.1 4,795 0.190 1.228 1.518 0.415
o2 10.1 4,444 0.541 2,047 2.588 0.757
ofth 17.8 3.833 1.152 2,833 3,985 1.165
offll  25.4 3,400 1,585 3.666 5.251 1.535
11-2 P, 0 5.536 2.609
o3 5.1 5.234 0.302 0.614 0.916 0.351
o#2 10.1 4,854 0.682 1.696 ,2.378 6.911
ofts i7.8 4,367 1,169 2,033 3.302 1.227
o#fll  25.4 3.967 1,569 2.633 4,202 1.610
11-3 P, 0 5.623 2.31S
o#3 5.1 5.526 0.097 1.169 1.266 0.546
o2 10.1 5.234 0.379 1.169 1.558 0.672
o4 17.8 4,566 1.057 1.233 2,290 0.987
11-4 p, 0 5.739 2.120
a#3 5.1 5.449 0,290 1.023 1,313 0.620
off2 10.1 5,188 0.551 0.878 1.429 0.674
oL 17.8 4,633 1.106 0.667 1.773 0,836
o#fll  25.4 4,000 1,739 1.033 2,772 1,308
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Table 16

SUMMARY OF STRESS ARRIVAL AND RISE TIME DATA
EPK Clay, v, = 101.9 pef, w = 27.0 Percent

W b
bt "
seufiinsli

s !
. [ y I ,
Aed bt s sl ok i deasle o

St aadd 1

" Test Gage Positicn B%gg%ing A¥§iza1 %i;i Pezimgtggss T . = ;2
No. Ro. (in.) (mse;) (mseg) (msec) ¢ (msec) 'p )
{msec)
2-1  p, 0 5.475 6.200
o##CS-2 5 4,918 0.539 1.443 1,982 0.320
o#3 10 4,833 0.624 2.361 2.985 0.481
a#b 15 3.972 1.485 1.027 2.512 0.405
of#l 25 3.377 2.080 3,377 5.457 0.880
2-2  p, 6  5.886 2.971
ofCS- 5 5.311 0.575 1,443 2.018 0.679
o#3 10 5.111 0.775 2.136 2.911 0.980
o#6 15 4,639 1.247 2.944 4,191 1.411
offl 25 3.672 2,214 2,787 5.001 1,683
2-3  p, 0 6.000 2.543
offCS~2 5 5.705 0.295 1.574 1.869 €¢.735
G#3 10 5.306 0.594% 2.472 3.166 1.245
ofté 15 4,889 1,111  3.167 4,278 1.682
o#l 25 4,393 1.607 4,393 6.G00 2.359
2-4  p, 0 6.086 1.800
offCS=2 5 5.967 0.119  1.443 1.562 0.868
o#3 10 5.528 0.558 2.000 2.558 1.421
oi6 15 4,500 1.586 2.222 3.808 2,116
a#l 25 4,328 1.758 4,066 5.824 3.236
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AFWL-TR-66-56

Table 17

SUMMARY OF STRESS ARRIVAL AND RISE TIME DATA
EFK Clay, Y = 103.8 pcf, w= 29.7 Percent

Time to

Tort Gaee Forttion ilac Tine  Tme PedkStress o -2
: ¢ {msec) (msec) (msec) P o
(msec)
3-1 p, 0 6.857 5.442
o#3 5 6.750 0.107 1,806 1.913 0.352
o#Cs=-2 10 6.512 0.345 2.644 2.989 0.549
offll 17.5 5.667 1.190 2,750 3.940 0.724
oit6 25 5.124 1,733 3.802 5.535 1.017
3-2  p, 0 7.343 3.057
o#3 5 7.222 0.111 1.582 1.694 0.554
aifCS-2 10 6.777 ¢.566 2,215 2,781 0.910
o#ll 17.5 5.417 1.926 2.133 4,065 1.330
a6 25 4,595 2,768 2,843 5.591 1.829
3-3  p, 0 7.486 2.371
o#3 5 7.333 0.153 1,444 1.597 6.674
offCS =2 10 7.008 0.478 2,248 2,726 1.150
ofll 17.5 6.167 1.319 2,944 4,263 1.798
o#6 25 4,727 2,759 2.975 5.734 2.418
3-4  p, 0 7.686 1.971
o#3 5 7.555 0.131 1.094 1.225 0.622
a##CS~2 10 6,909 0.777 1.818 2,595 1.317
o#fil 17.5 5.194 2,492 1,500 3.992 2.025
oit6 25 4.483 3.233  2.182 2.742

5.405
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» Table 18
: f;’ SUMMARY OF STRESS ARRIVAL, AND RISE TIME DATA
& EPR Clay, vy, = 113.2 pef, w = 33.2 Percent

Time to
Blanking Arrival Rise a T t
Test Gage Position Pulse Time Time Peak Stress o P

Nc. No. (in.) (msec) (msec) (msec) t (msec) Tp ~ R
: (msec)
i 8-1 p, 0 4,724 4,783
i of3 5  3.826 0.898 1,797  1.695 0.354
i o1l 10 3.362 1.362 1.681  3.043 0.636
' o6  17.5  3.311 1.413  3.311 4,724 0.988
o#5 25 2,736 1.988 4,121  6.109 1.277
8-2 p, 6  5.275 3.420
o#3 5  4.522 0.723 1.362 2,085 0.610
o1l 10  3.681 1.594 0.956  2.550 0.745
off6  17.5  3.593 1.682 3.007  4.689 1.371
o#5 25 1,081 4,194 1,622  5.816 1,700
8-3 p, 0 5,333 2.696
o#3 5  4.725 0.608 0.522  1.130 0.419
o1l 10 4,029 1.306 0,898 2,202 0.817
off6  17.5  2.804 2,529 1,115 3,644 1.352
o#t5 25  1.486 3.847 1,268  5.115 1.897
8-4 p, 0 5,623 2,580
o#3 5 4,927 0.696 0,261  0.957 0.371
o1l 10 4.290 1.333 0,783 2,116 0.820
off6  17.5  3.176 2,447 0.507  2.954 1.145
oitS 25  1.926 3.697 1.149 4,846 1.878
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‘ Table 19

SUMMARY OF STRESS ARRIVAL AND RISE TIME DATA
EPK Clay, Vo = 101.9 pcf, w = 28.0 Percent

e -

e T T s e

Time to T

§§St ggge Po?iﬁign B%zﬁiing A;iégai %ig: PeaktStress (mszc) = ;2
° ) * (msec) (msec) (msec) P P o
(msec)
10-1 pg 0 2.638 5.072
o#3 7.6 2,277 0.361 1.8:9 2,230 3.440
ol 15.2 1.810 0.828 1.7¢6 2.5%4 0.511
o#2 22.8 0,629 2,009 2,387 4,396 6.867
oith 30.5 0.403 2.235 3,596 5.831 1.150
18-2 p, 0 3.217 4,304
o#3 7.6 2,920 0.297 2.233 2,530 0.588
o#l 15.2 2,511 0.706  3.200 3.906 0.907
o2 22.8 1.419 1,798 3,532 5.330 1.238
o4 30.5 1.07¢ 2.147  4.333 6.480 1.506
o#CsS-2 38.1 0.483 2,734 5,050 7.784 1.808
10-3 p, 0 3.333 2,391
o3 7.6 2.832 0,501 1,810 2.311 0.966
o#l 15.2 2.555 0.778 2,555 3.333 1.394
o#2 22.8 1.468 i.865 3.710 5.575 2.332
oith 30.5 1,228 2,105 4,631 6.736 2.817
g##CS~2 38,1 0.400 2.933 5.117 8.050 3.367
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Table 20

SUMMARY OF STRESS ARRIVAL AND RISE TIME DATA
EPK Clay, Ty ™ 105,8 pcf, w = 29.3 Percent

Blanking Arrival Rise Time to T

Test Gage Fosition Pegk Stress 0 t
Ko, No% (ic.) ?;gzg) (Zggi) (iigi) tp (msec) “p T§
{msec)

12-1 p, 0 5.043 4,347 .
o#3 5.1 4.812 0,231 0.928 1.15% 0.267
o#2 10.2 4,232 0,811 1,420 2,231 0.513
o#ll 17.9 3.765 1.278 2.487 3,765 0.866
oith 23.0 3.294 1.749 2.655 4,404 1.013
o#6 30.6 2.656 2,387 2.65¢ 5,043 1,160

12-2 p, 0 5.420 3.275
Git3 5.1 5.275 5.145 1.420 1,565 0.479
o2 10.2 4,754 0.£66 2.029 2,895 G.823
o#ll 17.9 4,000 1.420 2,487 3.797 1,193
o#4 23.0 3,798 1.622 3.193 4,815 1.470
a#tb 30.6

12-3 p, .0 5.739 2.174
o3 5.1 5.59 0.145 1.44% 1.594 0.733
a#2 10.2 5.184 0,551 2.1%«~ 2,725 1.253
offll 17.9 4,672 1,067 3,092 4.139 1,913
oith 23.0 4,336 $.403 3,784  5.167 2.377
o#té 30.6 3.738 2,001 4,525 6.526 3.002

i2-4 p, 0 5.710 1.638
o#3 5.1 5.594 0.116 1.188 1.304 0,796
oit2 10.2 5.043 0.667 1,681 2,348 1.433
offtl 17.9 4,605 1,105 2,723 3.828 2,337
oith 23.0 4,067 1.643 3,193 4.836 2.952
o6 30.6 3,770 1,950 4,328 6,268 3.827
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